Rongging Zhang - Liping Xie 
Zhenguang Yan 


Biomineralization 
Mechanism of 
ame IO ACE 
Pinctada fucata 


a Satta 


Biomineralization Mechanism of the Pearl Oyster, 
Pinctada fucata 


Rongqing Zhang ° Liping Xie * Zhenguang Yan 


Biomuiuneralization 
Mechanism of the Pearl 
Oyster, Pinctada fucata 


9) Springer 


Rongqing Zhang Liping Xie 


School of Life Sciences School of Life Sciences 
Tsinghua University Tsinghua University 
Beijing, China Beijing, China 


Zhenguang Yan 

Chinese Research Academy 
of Environmental Sciences 
Beijing, China 


ISBN 978-981-13-1458-2 ISBN 978-981-13-1459-9 (eBook) 
https://doi.org/10.1007/978-981-13-1459-9 


Library of Congress Control Number: 2018950551 


© Springer Nature Singapore Pte Ltd. 2019 

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the 
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. 

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 

The publisher, the authors and the editors are safe to assume that the advice and information in this 
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, express or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 


This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. 
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore 


Contents 


1 Molecular Basis of Biomineralization in Pinctada fucata.......... 
Le SECO cca eeanden eee eae bend ee ene eee need ees 
1.2 General Features of Biomineralization in Pinctada fucata....... 


hee 
Las 
Las 
1.2.4 


The CaCO; Crystalline Forms in Pinctada fucata....... 
The Structure of the Shell, 44546044 <%ss%%00066404% 
The Process of Shell Formation................... 
Spell Wiad PONG. 6 6-o64o cada k soe a4. eee So-45 


1.3. Calcium Metabolism During Shell Formation................ 


Loe! 
Low 
Low 
1.3.4 


References . 


ICI AUSTIN 6.0 ke 6 ke ka ee ee EH OD 
Calcium Transportation... ....... 0.0.0.0. cee eee 
COO aes og nh ee ees ee oie Sede es 
The Maintain of Calcium Balance.................. 


Identification and Characterization of Biomineralization-Related 


2.1 Materials and Methods................ 0.0000 eee eee eens 


Ald 
žd.2 
hig 
2.1.4 


ERLI 
2.1.6 
l7 


LLa 
2.1.9 
2.1.10 
LLA 


Bios SIG ot EER 
ADMI ee ee ee ee ee ee ee 
RNA Extraction and cDNA Synthesis............... 
Suppression Subtractive Hybridization and Library 
I, kh ook eed eee Oe eae eS 
Sequence Analysis and Bioinformatics.............. 
P. fucata Oligonucleotide Microarray............... 
Candidate Biomineralization-Related Gene Screening and 
BONAUGS ) co hoe eR E EKER ORO OO 
Gene Expression Analysis by RT-PCR Assay......... 
Tissue Specificity Analysis by Semiquantitative PCR.... 
In Situ an os 6 ete eh ea ke dedetes Gar 
AL BACs 5 6 6 a6 4 66 9 999445 oes eee hee 


NW WwW WN 


10 
14 
15 
16 
18 


23 
23 
23 
24 
24 


25 
23 
26 


e] 
27 
28 
28 
28 


Vi 


2.1.14 





2.1.16 


2.1.18 


21.37 
2.1.38 


The Ac 


Deel 


quisition of Biomi airala Gòts 


Recombinant Protein Expression and Purification....... 
Preparation of Recombinant Protein Antibody......... 


Ca**-Dependent Electrophoretic Migration and “Ca 


EAE AEA E DIA AOR a4 


Circular Dichroism Spectropolarimetry a 





ene of Recombinant 0 Oyster Cal P and CaM 
Affinity Chromatography Columns and Affinity 


Chromatography . . 











Contents 


Localization of CaM anal CaLP i in A inar iwed 


Mantle Cell. 





Epithelium . . PrN 
Cell Culture ai T 
Fluorescence Confocal Mianta, 
Preparation of Nuclear and ne li 
Co-immunoprecipitation . . pues 
Domain—Domain intepicllon Assay 

ANS Fluorescence Assay . . 

Structural Stability Sides, 











č aTi. a 


Subcellular iain al CaM w CaLP i in Mantle 


Isolation of EDTA-Soluble Matrix Protea Da A E 


in P. fucata . 


Preparation o af Biotinylated CaLP snd Protein Boting oe 


Protein Blotting . 

CaCO; Ciystallization feud ii Vi. 
mmunohistological Staining . . i 

Cell Cycle Synchronization in Go Phase by Serum 
Starvation and Cell Cycle Analysis. . 

Calcineurin Enzymatic Activity vn 
Quantitative Measurement of inieneukin: 2 (IL-2) 
in Serum by ELISA . . 

Quantitative Mensiversent af iN OS i in cCimed 
Hemocytes. . | 

NO Detection R e 












Effect of eee A (CsA) 0 on tataa Giras | 





Northern ae. 
Identification of Genes Directly Involved in Shell 
Formation and Their Functions in Pearl Oyster, 

Pinctada fucata . a i 
Microarray: A Global Aali a Bion 
Related Gene Expression Profiles During Larval 





Development in the Pearl Oyster, Pinctada fucata...... 


.. 40 


eo >o © © © © © © © © © © © © o 


ineralization- 


36 


38 


38 


40 
40 


40 


Contents 


2S 


2a 


The Signifi 


(CLP) Play During Calcium Metabolism . 
kenl 











cant Roles Calmodulin and Calmodulin-Like Protein 
Cloning and Expression of a Pivotal ae. Metabolia 
Regulator: Calmodulin Involved in Shell Formation from 
Pearl Ovster (cide TUCHIG nce e oe ee Ke ew eee RRS 
cDNA Cloning and ae eaten of a Novel 
Calmodulin-Like Protein from Pearl Oyster 

Pinctada fucata . T ee eee ee ee eee ee 
Significance of the Extra c Te rminal Tail of CaLP, 

a Novel Calmodulin-Like Protein Involved in Oyster 
Calcium Metabolism . eee 
Localization of Gmodin ad E ite 

Protein and Their Functions in Biomineralization 
e oe beeen deweseeeteceareusen 
Significance of the C-Terminal Globular Domain 

and the Extra Tail of the Calmodulin-Like Protein 
(Pinctada fucata) in Subcellular Localization 

and Protein—Protein Interaction . i bie eee 
The Extra C-Terminal Tail Is T in nthe 
Conformation, Stability Changes, and the N/C-Domain 
Interactions of the Calmodulin-Like Protein from Pearl 
Oyster Pinctada fucata . . 

Biomineralization: a of Cnoi ike Pen 
in the Shell Formation of Pearl Oyster. . eT 
Investigation of Phosphorylation Site Reshit -A 
CaLP (P. fucata) Nucleocytoplasmic Shuttling aoe 
by Overexpression of p21"). 0... ee eee 
Cloning and Characterization of a Homologous 
Ca**/Calmodulin-Dependent Protein Kinase PSKH1 

from Pearl Oyster Pinctada fucata . 

















The Identification and Function Analysis of Paco. 
2.4.1 





Cloning, Characterization, and Imm iiteaen, 

of Two Subunits of Calcineurin from Pearl Oyster 
(Pinctada fucata) . . ean e aa aes 
Calcineurin Plays an ‘fae | ote in jit Shell 
Formation of Fean Oyster (Pinctada fucata). eA 
Calcineurin Mediates the Immune Response of Banos tes 
Through NF- KB S 









Signaling Pathway in Pearl aa 
(Pinctada fucata)... a...an naonnana aaa N 





Preliminary Exploration of Calcium Houd anil Cua, 
ee 6 4 6 eee heehee es as 


Bl 


Cloning, Characterization, and Expression Analys 
of Calcium Channel B-Subunit from Pearl Oyster 
(Pinctada COT sg oe eG WAR HERE SEHRD SHARES 


Vil 


68 


96 


109 


127 


141 


141 


151 





170 


Vill 











2.6 Sup 
References . 


sii 


Cloning, Characterization, and Expression Patterns of 


Three Sarco-/Endoplasmic Reticulum Ca**-ATPase 





Isoforms from Pearl Oyster (Pinctada fucata)......... 





Contents 


179 


Cloning, Characterization, and Expression Analysis of 





Calreticulin from 
Molecular Cloning and Distribution of a | Plasma 
Membrane Calcium ATPase anes from the Pearl 
Oyster Pinctada fucata . . 





Cloning and Catr aÀ at a Ae G) Poin 


B-Subunit of Pearl Oyster (Pinctada fucata) and Its 


Interaction Sites with Calmodulin. . D Errea rarereN 


Cloning, Characterization, and Scan of an mRNA 
Encoding a H*-ATPase a-Subunit in the Mantle of Pearl 
Oyster, Pinctada fucata . . 

Cloning and ee an yi an 1 mRNA Bidag 
F1-ATPase Beta-Subunit Abundant in Epithelial Cells 


of Mantle and Gill of Pearl Oyster, Pinctada fucata.... . 
nentary Table 2.1. eee ee ee ee 


3 Identification (Characterization) and Function Studies of Matrix 
Protein from the Oyster Pinctada fucata........ (4 nee es 
3.1 Introduction of Matrix Protein of Pinctada a fucata.. 

3.2 Materials and Methods. 


32.1 


IA 


Extraction of SMPs tom Shell. : 
Extraction of the EPFMP from Sacanalet Fluid . 


eee S me a ene se eA Sie eee 


ARE 1 f Polyclonal Antibodies Against b 
Recombinant Protein . : ; 
Gene ae ere Analysis by RT- PCR. 


Immunolocalization with Gold Particles . 
In Vivo Inhibition of Native Protein . 


Chitin and Calcium Carbonate Cystal Bade. Assay . 





Calcium Carbonate Precipitation Assay. . . 





In Vitro Calcium Carbonate Crystallization vere 


Transition of ACC to Stable Crystals. . | 
CD Spectroscopy and Fluorescence Gunin. 
Primers . 


Pearl Oyster Pinctada fucata........ 





186 
192 
. 198 


213 
220 


. 249 
249 
250 
250 


253 


eta. of ie bac in Shell ee poe ee eas 


254 
254 
254 


Contents 


3.4 


In-depth Proteomic Analysis of Shell Matrix Proteins 





of Pinctada fucata . 


a4 


Dak 





Protein Composition i in the Pasioa and Nac 
Matrix . 








e m ea pf Matrix Genes 

by Real-Time PCR....... 
Putative Functions of the S APs Deeg. 
to Domains....... 


The Hint of | Proteomics on on aka Shell M Min 
Mechanism . 








ierden 





Shell Matrix Protein itom Na acre EL 


3.4.1 


Shell M 


Extraction and Purification of N aii Proein P14 ioi 1 
the Nacre of Pearl Oyster Pinctada fucata . . PERETE 
A Novel Matrix Protein p10 from the Nacre a Peni 
Oyster (Pinctada fucata) and Its Effects on Both CaCO, 
Crystal Formation and Mineralogenic Cells . 

N40, a Novel Nonacidic Matrix Protein fois Pearl 
Oyster Nacre, Facilitates Nucleation of pepe 

In Vitro. T 

Novel Bati Protela: PEN23, patie: as Ky 
Macromolecule During Nacre Formation............ 








{atrix Protein from Prismatic Layer............. Lies 


A Novel Matrix Protein Family Painan in ie 


Prismatic Layer Framework Formation of Pearl Oyster, 


Pinctada fucata . . pean euE ee 
[atrix Protein (KRMP)-3 











Dual Roles of the Lysine Bick M 
in Shell Formation of Pearl Oyster, Pinctada fucata... . 
Cloning and Characterization of Prisilkin-39, a Novel 
Matrix Protein Serving a Dual Role in the Prismatic 
Layer Formation from the Oyster Pinctada Hat, as 








Shell Matrix Protein from Both Prismatic and Nacre Layer... . . 


A JAHN hei Protein Peta esha in the Nacre 





Si T intent a MSI7, : a Manik 


Protein from Pearl Oyster Pinctada fucata........... 
A Novel Acidic M [N44, Stabilizes 





atrix Protein, Pf 
en Calcite to Inhibit the AE of 











A N ovel Matrix Pioti, Pf Y2, Fincioit as a 
Crucial Macromolecule During Shell Formation....... 


257 


270 


274 


287 


302 


310 


Contents 


3.7. _Extrapallial Fluid Matrix Protein . 


3.7.1 


3.8 Extracellular N 


3.8.1 


3.9 Ubiquitylation Functions in 
Biomineralization in t 


3.9.1 


A Novel Extrapallial Fluid Ponidi Contas the 


Morphology of Nacre Lamellae in the Pearl Oyster, 
PRCT hho eh ed eed AERO T ERE OER ES 
Structural Characterization of Amorphous Calcium 
Carbonate-Binding Protein: / 
of Amorphous Calcium Carbonate Formation. ... . . 
Transformation of Amorphous Calcium Cabon 
Nanoparticles into Aragonite Controlled by ACCBP 
Influence of the Extrapallial Fluid of Pinctada TA 
on the Crystallization of Calcium Carbonate and Shell 
Biomineralization . f i 
Āatrix Protein Espressi by V 















= 





A Novel Extracellular EF-Hand Protein Ha in th ie 


Shell For 





mation of Pearl Oyster. . 


A Novel Ferritin Subunit nee in i Shell Tori wii. E 


from the Pearl Oyster (Pinctada fucata). . 
the Calcium Cabanas 
he Extracellular Matrix . 








Ubiquitylated Proteins in the ee ae, ious 


In Vivo Investigation of the Role of Donyet 
Proteins During Shell Mineralization . 





Immunoaffinity Chromatography of the Ubigutyatd | 


Proteins . i eT 
ica Beech die eee at he Different 
CURE ebay thee PRESS OO HE OEE E Ee Bees 
In Vitro Effect of ie ai Proteins on Calcium 
Carbonate Crystallization...................006. 
The Function of es CED RREESEEEe HES eRe 


3.10 Supplementary T Table 3.1. 


References . 


The Study on Enzymes Related to Biomineralization 
OUP eke cease te eed hee es wo been cds 


4.2.1 


4.1 Introduction . 


S ; 
Alkaline Phosphates 


Acid Phosphatase.......... a a , - ; . ie i i 3 E 


Carbonie Anhydrase, >is i sisaria rania 
Tyrosinase . . eee 
Giyeosylphosphatdylinositol-Anchored Aike 
Phosphatase . . es 


4.2 Materials AR V Ons: cewlnan4 oo p i ; 





Gene sana Koit 
Gene Expression Analysis........ 





n Insight into the Mechanism 


385 


393 


402 


402 


418 
418 


421 


421 


423 


425 
429 
430 
433 


445 
445 
445 
446 
447 
447 
448 


Contents 


44 


4.6 


4.7 





4.2.4 Enzyme Purification and Activities . a ore 
4.2.5 Enzyme Modification and Paien al Analysis. 


4.2.6 Cell Culture and MTT Assay.. 








4.2.7 Statistical Analysis... 2... 0.0... 0. cee eee 
Alkaline PROSONAIAS Go cas peewee eee eee EHS i 
4.3.1 Purification and Faronte Cora of Alkatine 


Phosphatase from Pinctada fucata . 





4.3.2 Chemical Modification Studies on maine Phosphatase | 


from Pinctada fucata . 


4.3.3 in ee Tryptophan R Residue i in wee | 


4.3.4 is aad Dis naie ata of Inhibition 


of Alkaline Phosphatase from Pearl O AA Pinctada 
fucata by o-Phthalaldehyde. . oer 
Acid Phosphatase . . 





4.4.1 Partial os a Piopenie oa an es Phosphatase 


from Pinctada fucata .. ; 

4.4.2 Purification and Partial Sonenn at Two aan 
Phosphatase Forms from Pearl Oyster. . 

4.4.3. Immunolocalization of an Acid Fhosphataiė from 
Pinctada fucata and Its In Vitro Effects on Calcium 
Carbonate Crystal Formation............ 














A Novel Carbonic Anhydrase. . j (oe su bene ee ees 


4.5.1 A Novel Carbonic ho tex si ie Mantle of the 


Pearl Ovster (Pinciada fiCGIA) on eee ebb booed be dws 


A Novel Putative Tyrosinase. . 


4.6.1 A Novel Putative Triat invctved in Teas 
the Pearl Oyster (Pinctada fucata)...... 


Formation from 
A Novel Astacin-Like Metalloproteinase . . 





4.7.1 Pf-ALMP, a Novel Astacin-Like Metallonmivinae: sah 


Cysteine Arrays, Is Abundant in Hemocytes of Pearl 


yet Fe on oe 69 995 44 69948564045 
Pe os a een eno oho en 6 bh Aw een sd beh ee eae ousaes 


5 Cellular Regulation of Biomineralization in Pinctada fucata . . 





a -l 





Introduction . 
Materials and Me h 
5.2.1 Chemicals. 

5.2.2 Primers. . reed 
Sa ices hanes af Mantle Tis issue . 

5.2.4 TEM and SEM Observation of Mantle ‘Tie. 
5.2.5 BrdU Labeling of Mantle Epithelia. . 


OUR. «dean 





5.2.6 ie pi ae Cell Proliferation D During oe 


aut hous Cell Cate of Mantle Tissue. 


xi 


460 


465 


468 


471 


472 


472 


475 


479 
482 


482 
487 


487 


495 
501 


510 
511 
511 
511 
512 


xii 


5.2.11 


5.2.19 








5.3.1 


Contents 


Density Gradient Centrifugation of Mantle Cells....... 
Immunolabeling Analysis of ee Se eee 
RNA Extraction and RT-PCR . ss aera dean a 
Alkaline Phosphatase and Carbonioj Ar hydina 

PE ery EENE EE E EEE REO EES 
Preparation of Recowbinani | Nasarel Protoitis 

of Nacrein...... 

Antibody Penanti. | ETETE 
Immunoaffinity Realon Analysis. hehe hey pak aren a 
Sandwich ELISA....... LEPETT EE LEIET TEE 
Weem Bior Andys E hee ha Ghee teri krr 
Calcium Ion Detection . ; 

In Vitro Calcium Canne Crystallization en 








Cell—Mediated Calcium Carbonate Crystallization. ..... 


—_ and e e oe (EDS). 





ae Caled bi 
Hemocyte Morphology ahi rece em 
Shell Notching and Staining. . 






Fluorescence—Tracking of EPS panei, 

Determination of Immune Parameters 

in the Hemolymph. . pad eda 
Determination of the pH Caines in Batapaiiai Fluid 

and Hemolymph. . ous | 
Calcium Contents in Paes ana Home rekte 
SON S a = Observation................ 














a n. 


N forphology of the Mantle Teens, 


Histology and tiiteni. 
Cell Types in the Outer A af Mantle . a 
Cell Proliferation in Mantle Tissue................. 


Primary Cell Culture of the Mantle Tissue.................. 


5.4.2 


Cellular Control of Biomineralization by 1! fla 


Soo 
Ioa 


Maintenance of Primary Cell Culture............... 
Cell Separation and Identification .. 





Shell Matrix Protein Secretion . 
Control of the CaCO; Precipitation In vox at 
D eerta tert EEEE EE S 


514 


515 


516 


516 
516 
516 


5317 
517 
I 
518 
319 
519 
519 


Contents 


5.8 


ce, 


Roles of Hemocytes in Shell Formation . 


5.6.1 


oe 


Identification and Classification a ieee. 
Migration of the Hemocytes in Between the EPS” 





and the Circulation System............. pee ne ens ws 





a aaa in Shell Reetia, 


6 Motekar AR Mechanism of Biomineralization 





6.4 


iae nai Materials ani Met nk. eee 
1e Penate kont Oyster... PE 
Cell Culture and Transient Transfection.............. 





Molecular Cloning of tl 


Luciferase Assay. . 
Electrophoretic Mobility Asai (EMSA). . 


Yeast Two Hybridization (Y2H)................... 


Pearl Sac Selection . 
Subcellular eee in HEK- 





293T Cells. 


So of Alkaline es (ALP) Activity PE 


NF-«B ake. 


idan eee. 


Pf-Rel: A Rel/Nuclear © cece 3 Homolog. . 





IKK: The IkB Kinase Homolog in P. ee Cerri 






Signaling Regulates the Transcription 


of Nacrein . ee ee ee ee ee eee ee ae 


TGF Signaling Barns. 


6.4.1 
6.4.4 


6.4.5 


Introduction . 


The en af ie Pa Eer (es ee eed ea 
Downstream Response Protein.................... 


The Relationship of the TGFB Signaling n 
and the Biomineralization . 





The Network of the Aue Pathway peer ETERA ERE RS 


Wnt Signaling Pathway . . 


6.5.1 


Introduction . 


Pf-B-Catenin: A Key Fat Wnt Pathway............ 





a A Member of wo Pathway. 





The Three Wnt Pathway cai baw 





with Each Other... .. anoano 


xiii 


ao 


564 
567 


581 
581 


582 
583 


584 
584 
584 


585 


587 


591 


610 
615 
617 
617 
617 
619 


621 


X1V 


Contents 


6.6 G Protein-Mediated Pathway................ 002 eee eee eee 
Introduction . : us 

G Protein a- Bibi aked] in Terni ae 
Biomineralization.... 0... . 0 eee eee 
a Protein ae ome aoea Wati CaM 





6.7 T aT e Eeee EAE RE WES Ea 


6.7.4 


ea 


Introduction . M ; es 
Pf-POU3F4 Keulatie the i paarais g b Nais 

VO & 2.4246 hdaee he 09d OO S944 se heen 
Pf-AP-1 ll ota Teneo a Multiple Tonner 
Proteins... 


Pf-YY-1’s Boled in Montenin. a 











Pf-Sp8/9 Involved in Mantle-Related | Physiological 


Ri cei, 


Ecological Study on Biomineralization in Pinctada fucata......... 
7.1 Introduction . Li hee ee Re Dede RGAE 
Ta Materials and Methods . Peeks eke as GPE seekers oa ees ess 


7A 
yee 


fed 


7.2.13 









meat outa Dawni br OA nae ow ciens.. 
Transcriptome Sequencing. . 





Zr 
OF 
Fe 
Q 
jai a 


X-ray Photoelectron Cotto (XPS). (epeeeee ees 
Scanning Electron Microscopy (SEM). . 





Liquid S andem Mass Spectrometry g 
DANS, 7 





pa fae. che hee eee een 4b 4 ees 
Determination of the pH Value in Extrapallial Fluid 

and Hemolymph. . aes i 
Calcium Contents in  Hemocyte a ani tence. 

Flow Cytometry Analysis..... 

COP EO s rrarena Ara 
Sample Preparations, Metal Accumulation, 








and Biochemical Assays............-..020 eee eee 





PSC Al ANGI, 22504 a6 bokeh de edee ess bene s 


ification Rate (NCR)... EE 9584s ee edene es 
ALP Activity Measurement . i eee 


627 


633 


643 


646 
649 


661 
663 
666 
666 
667 


667 
667 


668 
668 
669 
669 


670 


Contents 


7.6 


The Impact of Ocean Warming and Oceanic Acidification 
on Biomineralization . 


tou 


Responses of Mantle Tiie toOAandOW.......... 
Responses of Hemocytes to OA andOW......... 








The Impact of Pollution on Biomineralization................ 


TAA 


References . 





8.1 





8.1.1 
8.1.4 


8.1.8 


8.1.24 
8. 1.25 








8.2.1 


Supplemenan Table 7. 7. i 9 - ; , . . E 





The Impact of Copper o on Immune Defense . 


Study of Shell Structure... 0.0.0.0... 000.00 0c ee een 
Material and Methods 





Shell Preparation and Protatii eoi, Ue hake eee ar 
Preparation of FITC—Labeled Proteins . 
Preparation of Cy5-Labeled Proteins . 
TE of CaCO; PRA FITC T as ie 
S E 
Kantat Cetus. 

CLSM Imaging. . 

The X-ray D Di atot -i 
Stochastic Optical R ovonstmioton Newsy borie fe 
Rabbit Polyclonal Antibodies (P—anti-NCA) and a 

Mouse Monoclonal . ee errs 
ce oe Sedna tenes eeeeasuee eae eee 
Shell Decalcification . 

Immunolabeling of Ma 9 aed 

In Vitro Crystallization Panettiere... TTP 
X-ray Photoelectron Spectroscopy (XPS) ) Analysis. Petets 
Mg Content of the Prismatic Layer. . Pelee aes 
Isolation of the Film Proteins.......... FETTET TETY 
aay ine irene 9: m e Film Pratehig, 
























aan in che ae of the nae Shell Film... 
Implantation Procedure and Sample Collection........ 
Typical Pearl and Pearl Sac Selection............... 
FTIR. | 

Staaten Aai. 


Primers . 





Study Boninin by ci ih Vite Model . 


Localization of Shell Matrix Proteins in eee 

or CaCO3. pone a 
Tuning Cleite Manesi Contat by Soluble. 
SME oa ee oe RES RR DE RAE ORR OR we OD 


XV 


670 
683 
686 


696 


697 
697 
697 
697 


700 
700 
700 
700 
701 
702 
703 


703 


711 


XVI Contents 


8.3. The Function of Inner Film in Biomineralization.............. 714 
8.3.1 The Inner—Shell Film Is an Immediate Structure 
Participating in Shell Formation................... 714 
8.3.2 In Vivo and In Vitro Biomineralization in the Presence 
Of ine Pier Se Pils occa oe naw edaoteeecs oe eaees 717 
8.3.3 Matrix Proteins Regulate Aragonite Nucleation 
and Growth with the Inner—Shell Film In Vivo......... 718 
8.4 Theories for Shell Growth and Pearl Production.............. T29 
8.4.1 Jumping Development Theory.................... 725 
8.4.2 Nacre—Prism Transition Layer Theory............... 726 
8.4.3 The Role of Matrix Proteins in the Control of Nacreous 
Layer Deposition During Pearl Formation............ 731 
Bo Supplementary Tage Sil onde cee ded yas ee g dw ed Seow ae ees T35 


References... ... nonunion T39 


Chapter 1 D 
Molecular Basis of Biomineralization eae 
in Pinctada fucata 


Abstract Biomineralization is the accumulation and formation of minerals regu- 
lated by living organisms transforming into biological structures and tissues. This is 
an extremely widespread phenomenon since we’ve found many creatures in all six 
taxonomic kingdoms which could form biominerals, and more than 60 different 
types of them have been identified, such as silicates in diatoms and algae, carbonates 
in invertebrates, and carbonates and calcium phosphates in vertebrates. These 
minerals often form structures like sea shells and the bone in mammals and birds. 

The study of biomineralization started at the first half of the twentieth century by 
the extensive use of optical microscopy, which helped a lot to identify various types 
and patterns of structures. It was not until the 1960s and 1970s, with the application 
of transmission electron microscopy (TEM), the scanning electron microscopy 
(SEM), radioisotope, the biochemical research on membrane transport, the analysis 
of bone-related organic materials, and the understanding of the ultrastructure of 
mineralized materials, was the initial idea of the biomineralization formed. Though 
some progress has been made in revealing the principles of these processes during 
the past few decades, there are still a lot of unknowns waiting for more exploration. 
The main content in this book primarily focused on the following aspects: the 
identification and function characterization of biomineralization-related genes, 
including those that encode shell matrix proteins and enzymes and participate in 
calcium metabolism; the cellular regulation such as cell signaling pathways during 
biomineralization process; and the ecological studies on biomineralization in 
Pinctada fucata. 
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1.1 Introduction 


Biomineralization is an extremely widespread phenomenon, the process of which is 
conducted by reaction and precipitation converting ions into solid minerals 
[1, 2]. Specifically, biomineralization refers to organisms using their synthetic 
organic macromolecules manipulating the process of the inorganic crystal nucle- 
ation, growth, and molecular arrangements, eventually producing minerals with 
special optical, magnetic, and/or mechanical properties [2, 3]. Biomineralization 
involves biologists, chemists, and geologists in interdisciplinary studies at the 
interfaces between Earth and life. 

Almost all living creatures, from lower unicellular organisms or the plants to 
higher animals, are closely associated with the products of biomineralization, 
biominerals. But the biomineralization mechanisms involved in different biological 
systems are quite complicated and exhibit a large diversity, and more than 60 differ- 
ent biominerals have been identified, including bones responsible for supporting and 
movements in vertebrates; shells functioning on protecting soft tissues in bivalves, 
brachiopods, and foraminifers; otoliths in fishes and mammals for balancing move- 
ments; magnetosomes found in magnetotactic bacteria sensing the changes of 
geomagnetic field; etc. [4]. The main chemical compositions of these biominerals 
mentioned above contain calcium phosphate, calcium carbonate, and oxidation 
silicon. Among them, mollusk shells are composed of calcium carbonate or calcium 
magnesium carbonate, while the bones and teeth in mammals are mainly calcium 
and magnesium phosphate [4—6]. 

Biomineralization processes could divided into two fundamentally different 
categories based upon their degree of biological control, namely, biologically 
induced biomineralization and biologically controlled biomineralization [4, 6]. 
Bio-induced mineralization refers to the deposition of inorganic minerals formed 
by the reaction of the metabolites at the cell wall when they are expelled or into the 
cell wall, common in protists, alga, and lower prokaryotes. Characterized by the 
low-degree control of this process, the crystals or biominerals formed during 
bio-induced mineralization usually lack unique morphologies, most of which are 
irregular and disorganized. In contrast, in “biologically controlled” mineralization, 
the organism uses cellular activities to direct the nucleation, growth, morphology, 
and final location of the minerals which are deposited. While the degree of control 
varies across species, almost all controlled mineralization processes occur in an 
isolated environment. The results can be remarkably sophisticated, species-specific 
products that give the organism specialized biological functions [1, 7, 8]. In conclu- 
sion, elucidating the underlying mechanisms of biomineralization will lead to 
innovative understanding of the field of materials and medicine sciences and also 
provide significant technical supports for pearl shellfish farming and pearl 
production. 
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1.2 General Features of Biomineralization in Pinctada 
fucata 


1.2.1 The CaCO; Crystalline Forms in Pinctada fucata 


There are six different types of natural CaCO3 biominerals, calcite, aragonite, 
vaterite, CaCO3 * HO, CaCO; * 6H2O, and amorphous calcium carbonate (ACC), 
the chemical compositions of which are exactly the same; nevertheless, their crystal 
structures are totally different. Among these different crystalline forms, calcite and 
aragonite are thermodynamically stable and most common in mollusk shells [9]. Ara- 
gonites could be induced in calcite crystallization system with the addition of 
50 mM Mg”. Vaterite is the metastable status of CaCO; and the most unstable 
crystalline. And it could be transformed to calcite or aragonite spontaneously in 
aqueous solution. Vaterite has not been found in our animal model P. fucata, while 
some exceptions have been reported in other close-related species. A new morphol- 
ogy of vaterite was confirmed in lackluster pearls of Hyriopsis cumingii [10]. More- 
over, it also formed in the abnormal shells of Corbicula fluminea [11]. ACC has been 
found in plant larvae and the initial stage of shell biomineralization. ACC is usually 
considered as the precursor in shell formation [12]. In spite of the rapid transforma- 
tion from ACC to other stable crystals in aqueous solution, it is still relatively stable 
due to the adhesion of the macromolecules like polysaccharide to its surface. 
Organisms control the biomineralization process by the regulation of the formation, 
stabilization, destabilization, and transformation of ACC [13]. 


1.2.2 The Structure of the Shell 


Pearl oysters, Pinctada fucata, famous as important economical pearl production 
species, are one of the best studied biomineralization models [14]. The shell can be 
divided into two distinct layers, the periostracum and the calcified layer (Figs. 1.1 
and 1.2). 

The periostracum is the organic layer of the hardened organic products on the 
outer surface of the shell [16]. The hardened part is mainly composed of insoluble 
Quinone tannin containing dopa [17]. Besides protecting the shell from the destruc- 
tion of acidic substances and parasites, periostracum also plays important roles 
during biomineralization. It could block the extrapallial space on the ventral side, 
isolating the extrapallial fluid from the external environment, delimitating, and 
sealing the space where the biomineralization takes place thus provides a supersat- 
uration niche for crystal deposition. What’s more, the periostracum may also func- 
tion as a substrate for Ca?* deposition and even affect the formation of prismatic 
layer [18, 19]. 

The calcified layer could be subdivided into prismatic layer and nacreous layer, 
where CaCO; crystals are deposited as calcite and aragonite, respectively [20- 
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Fig. 1.1 Diagram of the cross section of the shell and the mantle of P. fucata [15] 
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Fig. 1.2 The shells of P. fucata [23] 
(a) The inner shell of P. fucata and (b) SEM pictures of the inner surfaces. N nacreous layer, 
P prismatic layer. The square frame indicated the growth zone 


22]. Our concerns on biomineralization studies primarily focused on these two layers 
(Fig. 1.2). The shell calcification is mainly composed of calcium carbonate crystals 
with a total weight of more than 95% and much more smaller amount of organic 
substrates (mainly proteins and polysaccharides) [4]. 

The initiation of prisms occurs in the proximal region of the outer surface of the 
outer mantle fold in the pallial space bounded externally by the periostracum 
[24]. SEM pictures showed that prismatic layer is composed of a great amount of 
parallel column calcites perpendicular to the shell surface, the cross section of which 
are regular polygons, and the edges of these “polygons” are surrounded with organic 
matrix [24, 25] (Fig. 1.3). A lot of studies have proved that the organic matrix could 
regulate the growth of these calcites in prismatic layer and its main components are 
proteins and chitin [26, 27]. The cells form mantle edge are commonly believed to be 
responsible for the formation of prisms [17] (Fig. 1.1). 
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Beginning of the prisms 


Fig. 1.3 SEM images of the prismatic layer of P. fucata etched by EDTA [28] 
(a) Cross section of the prismatic layer in P. fucata, (b) enlarged view of the grooves, and (c) 
longitudinal cross section of the prismatic layer. The arrow indicated the growth direction. 
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Fig. 1.4 Nacre structure of P. fucata [31] 
(a) The cross section of nacreous layer, composed of continuous parallel lamellae; (b) each lamellae 
is composed of polygonal aragonitic tablets, sealing each other by the intertabular matrix. 


The nacreous layer is composed of aragonite tablets, and the aragonite sheet is 0.4 
to 0.5 um in width and 5-10 um in thickness [29] (Fig. 1.4). These are typical 
nanostructures. Besides regulating crystal formation and growth, the organic matrix 
filled in aragonites could spread the force, significantly improving the mechanical 
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strength of the shell especially when subjected to external forces. The mechanical 
properties of the nacreous layer, also known as “dense slit brick structure,” are 
approximately 3000 times as strong as the mineral aragonites, thus providing 
adequate protection for the soft tissue inside the shell [30]. 


1.2.3 The Process of Shell Formation 


The main component of the shell is CaCO3 of course; however, those macromole- 
cules playing crucial roles in the formation of the delicate microstructures during 
biomineralization only account for less than 5% [32]. Studies on the regulation of 
matrix proteins during shell formation are one of the current research hot spots. 
Several different shell formation models were brought up recently [2, 33], but the 
specific mechanisms have not been clearly elaborated. 

The life circle of P. fucata could be divided into six stages, including the fertilized 
egg, trochophore stage, D-shaped stage, umbonal stage, juvenile stage, and adult 
[34]. The polymorphism of CaCO; crystals and the shell microstructure changes a 
lot throughout these stages [35]. Prodissoconch I, forming during early D-shaped 
stage, is the original form of the shell and is considered to be composed of ACC 
[34, 35]. Prodissoconch I with a homogeneous structure of aragonite and a thinner 
layer of calcite appears at the lateral D-shaped stage or umbonal stage. The formation 
of prismatic and nacreous layer completes while entering the juvenile stage 
(Fig. 1.5). 

Bar, 20 um in (a), (b), and (c); bar, 200 um in d. PJ prodissoconch I shell, P2 
prodissoconch II shell, D dissoconch shell, PL prismatic layer, NL nacreous layer 

Classically, the physiology of molluscan shell calcification can be described as a 
succession of compartments, the most important of which are the inner shell surface, 
extrapallial space, and outer mantle epithelium. The mantle tissue, coating the inner 
surface of the shell, with the other compartments being the extrapallial space and the 
Shell, is the critical organ during mollusk shell formation and comprises internal and 
external epithelium, connective tissue, mantle muscle, and nerve fibers. The ridge 
between the outer and median folds is the periostracal groove, responsible for the 
formation of periostracum (Fig. 1.6). 











D-shaped stage Umbonal stage 


Fig. 1.5 The SEM pictures of three larval development stages in P. fucata [36] 
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Fig. 1.6 Physiology of the shell calcification in a nacro-prismatic bivalve [17] 


Precursor ions, calcium and bicarbonate, are transported via the hemolymph and 
then directed toward the outer mantle epithelium. After extrusion from the cytosols 
to extralpallial space, the liquid precursor ions, Ca** and CO; , are gradually 
transited to solid CaCO; on the inner surfaces of the shell under the regulation of 
matrix macromolecules, especially matrix proteins [17] (Fig. 1.6). But how the 
organic matrix interacts with the mineral ions to produce this well-designed and 
fine-structured biomineral is still under debated and more investigation. 

Extrapallial fluid (EPF) is a colorless, bloodlike fluid locating in the extrapallial 
space, where the blood, EPF, and ambient medium (e.g., seawater) carry out the 
frequent exchanges of substances [37]. The special roles EPF playing during shell 
formation hasn’t gained enough attention initially, fortunately, with the developing 
of the research, scientists realized its importance. Some evidence suggested that 
matrix proteins may accomplish self-assembling in extrapallial space, which may 
explain the formation of shell-organic scaffolds [17, 38]. Whereas, this concept is 
still debated, and more proofs should be provided for further validation. 

Moreover, we shouldn't ignore the functions of hemocytes, those free circulating 
cells of hemolymph, during shell formation and construction. The studies on hemo- 
cytes originally focused on its role in immune defense system [39] and tissue 
reparation process [40]. These functions have been well underlined during the past 
few decades, but their contribution to biomineralization may be greatly 
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Fig. 1.7 The molecular weight (MW) and isoelectric point (pI) distribution of partial identified 
shell matrix proteins [17] 

The theoretical MW and pI were calculated after identification and removal of the signal peptide. 
(1, aspein; 2, Asp-rich proteins; 3, ASP-1; 4, ASP-2; 5, MSI31; 6, prismalin-14; 7, N14/N16/ 
pearlin/perline proteins masking AP7 and AP24; 8, MSI60; 9, mucoperlin; 10, nacrein from 
P. fucata; 11, MSI7; 12, dermatopontin; 13, tyrosinase-like 1; 14, nacrein from 7. marmoratus; 
15, perlucin; 16, shematrin proteins; 17, perlustrin; 18, lustrin A; 19, perlwapin; 20, N-66; 21, 
tyrosine-like2; 22, KRMPs) 


underestimated. According to Mount et al., hemocytes could directly release the 
calcite crystals for successive remodeling at the biomineralization site [41]. But we 
still need more evidence to confirm whether this is a general metabolic pathway in 
bivalves or just a particular phenomenon in eastern oyster. 


1.2.4 Shell Matrix Proteins 


As mentioned in the introduction and detailed later, the organic matrix is a mixture of 
proteins, glycoproteins, chitin, and lipids. The matrix, especially matrix proteins, 
interacts with the mineral ions and controls the shape, deposition, and crystalline 
forms of the produced crystals. 

The earliest systematic studies on shell matrix were conducted by Crenshaw et al. 
in 1972. They used EDTA, a calcium-chelating agent, effective at weak dilute acids 
to decalcify the shells of Mercenaria mercenaria. However, due to the limited 
conditions, their studies predominantly concentrated on the integral components, 
amino acid composition of the mixture, or its general functions during shell forma- 
tion and reparation [42-45]. According to those successfully isolated and identified 
matrix proteins, we summarized three fundamental features of them (Fig. 1.7): 
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1. Certain amino acid residues tend to take up extremely high proportions, more 
commonly are asp, Gly, and Ser, sometimes including pro and Cys. The carboxyl 
group in side chain of asp may bind with Ca**, facilitating the formation of 
CaCO; crystal lattices. Gly and pro are more likely relevant to the flexibilities of 
protein structures, for example, proline could form a cycle to the polypeptide 
backbone. As for cysteine, it contributes to the formation of covalent disulfide 
bonds to other cysteine residues [46, 47]. 

2. The sequences of shell matrix proteins (SMPs) are usually composed of different 
domains. And these domains generally contain modular structures with distinct 
functions [48, 49]. The first identified matrix protein, nacrein, possesses a car- 
bonic anhydrase domain [38]. Lustrin a contains ten highly conserved cysteine- 
rich domains and a whey domain [50]. Analyses of these genes of various 
modular proteins implied that gene assembly may be promoted by intronic 
recombination, 1.E., the proteins were formed by exon shuffling [51, 52]. 

3. A large amount of matrix proteins have been posttranslationally modified, such as 
phosphorylated and/or glycosylated [50, 53]. And these posttranslational modi- 
fications often associate with the binding properties with Ca** [54, 55]. 


With the wide use of new technologies, over 40 different kinds of matrix proteins 
have been identified from different mollusks. But we still cannot illustrate the 
molecular mechanisms of shell formation; plenty of questions remain unsolved. 
The isolation of SMPs lays the foundation for its further function characterization. 
We went through three stages on this process: 


1. As mentioned above, EDTA, ethylic acid, and water were frequently used to 
dissolve the shell, among which EDTA is the most widely used agent. This 
decalcification procedure yields two organic fractions, EDTA-soluble matrix 
(ESM) and EDTA-insoluble matrix (EISM). ESM and EISM have been proved 
to play different roles during shell formation. EISM often functions as the organic 
scaffold, providing crystal nucleation sites for CaCO, deposition, while ESM 
usually takes control of the crystal form and their morphologies [56-58]. Matrix 
protein Narein [59] MIS60 [60] lustrin A [50] MSI7 [50] N16 [61] N14 [47] p10 
[62] etc. were isolated in this way. The main disadvantage of this method is that 
only the proteins with high abundancy could be identified, while those exhibiting 
a relative lower expression level but still crucial in biomineralization are 
excluded. 

2. Then the search for new members benefited a lot from the major technical 
advances in molecular biology based on the cDNA sequences and primary 
structures of identified ones. PCR and rapid amplification of complementary 
DNA ends (RACE) were broadly applied, obtaining matrix protein KRMP [63] 
and Prisilkin-39 [64]et al. The principal factor limiting this method was that we 
could only get matrix proteins similar to previously identified ones in both 
sequences and functions. 

3. Another strategy successfully developed was cDNA expression library. In most 
cases, genes encoding matrix proteins exhibit high expression levels in mantle 
tissue. With the help of the mantle cDNA library, the construction of the 


10 1 Molecular Basis of Biomineralization in Pinctada fucata 


suppression subtractive hybridization (SSH) library paves the way for the bulk 
cloning and characterization of new genes involved in biomineralization 
[35, 65]. Our group constructed three SSH libraries that represented genes 
expressing at three key points during shell formation in P. fucata in 2011 
(Fig. 1.8) [35]. Finally, we obtained 227 unigenes in U—D library, 89 unigenes 
in J—U libraries, and novel matrix protein Pf{N23 [15], P£{N44 [66], and DT252 
(unpublished data). Since the fragments identified from SSH library were not long 
(shorter than 330 bp on average), we couldn’t get much information for the 
establishment of the biomineralization model in mollusks. Much more efforts 
should be put to screen new matrix protein candidates. 


In addition to the above methods, our group have identified 72 unique SMPs 
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of 
proteins directly extracted from the shells of P. fucata combined with a draft genome 
(Fig. 1.9). These proteomic data not only increase the repertoires of the SMPs but 
also give us new inspiration on shell formation which may involve tight regulation of 
cellular activities and the extracellular microenvironment [21]. Moreover, based on 
mantle transcriptome and microarray, the gene expression profiles during larval 
development, 5 novel potential matrix protein candidates were identified for further 
function analysis, brought global perspectives to the relationship between gene 
expression profiles and larval shell development (Fig. 1.10) [36]. 


1.3 Calcium Metabolism During Shell Formation 


The studies of shell and pearl formation can be divided into two aspects: the 
isolation, identification, and functional analysis of SMPs and calcium metabolism 
process, including Ca** absorption, transportation, storage, deposition, etc [67] 
However, more focus has been dragged to the purification and characterization of 
SMPs previously, while the mechanism of oyster calcium metabolism has been 
comparatively “neglected.” Acting as a universal second messenger in various 
cells, calcium is an indispensable regulator during the act of fertilization and 
development of the whole life in all kinds of creatures [68]. Numerous functions 
of all types of cells are regulated by Ca” to a greater or lesser degree [69]. In a word, 
biomineralization implies the transport and control of calcium ions [67]. 


1.3.1 Calcium Absorption 


The mechanism of Ca** metabolism could be depicted in Fig. 1.11. Precursor ions, 
Ca** and HCO;_, are taken up from the ambient medium with the help of the body 
epithelium, or gill, which can also originate from the food in P. fucata. Then these 
ions are transited by hemolymph, soon afterward directed toward the outer mantle 
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Fig. 1.8 Overview of the three SSH libraries [35] 

(a) Schematic of SSH library construction. The D-T library was constructed using D-shaped stage 
larval cDNA as the tester and trochophore stage larval cDNA as the driver. The U—D library was 
constructed using umbonal stage larval cDNA as the tester and D-shaped stage larval cDNA as the 
driver. The J—U library was constructed using juvenile stage larval cDNA as the tester and umbonal 
stage larval cDNA as the driver. Bar = 15 mm in oosperm, 15 mm in trochophore and D-shaped 
stages, 40 mm in umbonal and juvenile stages, and 4 cm in the adult stage. (b) Length distribution of 
unigenes in the three SSH libraries. The white columns represent unigenes in the D-T library, gray 
columns represent unigenes in the U—D library, and the dark gray columns represent unigenes in the 
J—U library. Unigene-length frequencies for each library are plotted in 100-bp bins. 
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epithelium. In other words, in addition to secreting SMPs for regulating shell 
formation, mantle is also indispensable to calcium absorption. Finally, large amounts 
of calcium ions are continuously deposited onto the framework under the precise 
regulation of matrix proteins. 

After the injection of calcium isotope Ca* into Anodonta woodiana pacifica 
(Heude), Caf" was rapidly accumulated in gill, the radioactivity of which was the 
highest compared with other tissues or organs and lasted the longest. These results 
indicated that the gill exhibits the strong affinity and high metabolic rate to Ca’, 
which is quite crucial for the uptake, accumulation even storage of calcium. More to 
the point, the absorption of Ca** in mantle tissue is only second to gill. Furthermore, 
electrophysiologic [71] and isotopic studies [72] also showed similar effects that 
mantle epithelium did have high permeability to calctum. Calcium-positive reaction 
indicated numerous acidic mucous glands assembled in the inner mantle epithelium, 
suggesting the significant roles acid mucus is playing in Ca” interception, capture, 
and assurance. Due to the low concentration of Ca** in the surroundings, directly 
intake from environments is very critical for freshwater mollusks to accumulate 
calcium. It’s difficult for Ca** to cross the mantle epithelium cell membrane in its 
original form, and this process needs ATP to provide energy. Therefore, there is a 
strong possibility that the carrier protein and the binding of Ca** induce a confor- 
mational (shape) change driving the ions to transport against the chemical gradient. 
But the calcium intake method may be different in mollusks living in seawater and 
hypersaline conditions, considering the similar ion concentration gradient between 
hemocytes and their living environments. Actually, the CaCO3 solution is 
hypersaturated in both hemocytes and mantle cavity. 

The digestive gland is the metabolic regulatory center in mollusks, besides 
participating in immune defense, detoxification, and elimination of xenobiotics; 
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Fig. 1.10 Gene microarray analysis during the different larval development stages in P. fucata [36] 
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Fig. 1.11 The schematic diagram of calcium metabolism in mollusks [70] 


it’s also significant to homeostatic regulation of the internal medium (calcium 
balance, hemolymphatic pH, cell volume, etc.) [73] 

Moreover, foot is involved in the calcium uptake process, too. Using the tracers 
like enzyme peroxidase and ionic lanthanum, paracellular uptake of Ca** was 
detected in the foot of the Agriolimax reticulatus |74]. On the other hand, electron 
probe microanalysis (EPMA) also detected the absorption of calcium and trace 
elements in byssus from mussels. 

Thought with some progress, there are still lots of doubts and suspicion on the 
specific mechanism of calcium absorption waiting for exploration. 


1.3.2 Calcium Transportation 


There are two pathways in the transportation of Ca** between different epithelium 
cells: paracellular pathway [75-78] and transcellular pathway. The depolarization of 
epithelium cells indicated the apical barrier was permeable to Ca** when the 
concentration of calcium was raised from 1 mM to 6 mM the other side of the 
blood lymphocytes outside the mantle epithelium [79]. While with an exceeding of 
the equilibrium stage of 1-6 mM Ca**, calcium was then induced to transport to the 
other side shell surface [80]. These results together indicated at least part of the 
transepithelial calcium movements are transcellular. Bleher used lanthanum as an 
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electron density marker in extracellular fluids of mantle epithelium cells in Anodonta 
cygnea and proved Ca** could transport to shell surface under the regulation of 
paracellular pathway [81]. Based on these published literatures, transcellular path- 
way includes simple diffusion, ion channels [79], intracellular transport with 
calcium-binding protein [82], calcium vesicles [83], secretory granules [84], etc. In 
Neff’s opinions, after the specific binding with calcium-binding proteins, Ca** was 
transported into cell with the help of pinocytosis vesicles. Then the fusion of these 
vacuoles with lysosomes was catalyzed by acid hydrolases, leading to the degener- 
ation of calcium-binding protein and release of free calcium through exocytosis [75]. 

Studies showed that different mantle epithelium cells from different areas would 
take different transporting approaches to release Ca** to extrapallial fluid, forming 
saturated CaCO; solution. Calcium ions diffuse mainly from the hemolymph 
through intercellular spaces between the epithelium cells, within the pallial line 
(outer mantle cells, Fig. 1.6), into the extrapallial cavity [78, 85]. 

Mount and his group reported a class of granulocytic hemocytes may be directly 
involved in shell crystal production for oysters. They observed some hemocytes 
could release CaCO3 crystals which are subsequently remodeled [41]. Nair’s 
research on quahog (Mercenaria mercenaria) also proved that calcium engaged in 
shell formation must be obtained from external environments and transported by 
blood lymphocytes or hemocytes to extrapallial fluid for further biomineralization. 
That is to say, free Ca**, calcium binding with its special chaperones, or CaCO; 
crystals could be involved in any part of this process. Equilibrium dialysis experi- 
ments in M. mercenaria also reveal that Ca** constitutes only 2% of the total Ca in 
plasma, while most of the Ca (85%) bound to macromolecules and the remaining 
13% present as dialyzable low-molecular-weight moieties. They conclude that Ca** 
have to be transported with the combination of calcium-binding protein or some 
smaller organic molecules [37]. All in all, scientists haven’t reached an agreement on 
specific transportation forms of calcium (free Ca**, the complex of Ca** and its 
specific binding proteins, or CaCO; crystals) or its transportation mechanisms, and 
much more research should be done to solve these problems. 


1.3.3 Calcium Storage 


Many tissues and organs are capable of storing calcium, among which the shell is the 
largest calcium storage one. EPMA detected the existence of calcium in various 
tissues, including ctenidial cells, gill epithelial cells, mantle epithelium cells, pore 
cells, hemolymph, digestive cells, basophilic cells, nephrocytes, etc [86-89] Fur- 
thermore, extracellular calcium granules are observed in mantle tissue and gonads as 
well [89]. Apparently, the function of these tissues mentioned above has not been 
limited to calcium metabolism; they may also be relevant to calcium storage. 
Besides temporarily chelating with other metal ions in lysosomes from epithe- 
liums, calcification particles could also function as repositories for metal ion storage 
in the gill of freshwater snails and marine gastropods [73]. Histochemical and X-ray 
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microscopic analysis were performed to observe the calcification process in mantle 
from M. margaritifera, a famous pearl production mussel, and Ca, Mn, and P were 
found in forming crystals [90]. Based on those results, Pekkarine proposed that these 
crystals may participate in calcium storage, but not exclude the possibility that they 
may just assemble and immobilize the metal ions onto shell surface. While Jones and 
his group supported the opinion that the lysosomes in mantle cells were responsible 
for the storage and transcellular transport of Ca** [91] . 

The calcium storage mechanism varies in different oysters, depending on their 
living circumstance. It seems that mollusks in seawater don’t need to restore extra Ca 
?+ while those living in freshwater have to transform the free calcium into 
calcospherites just in case. Calcospherites are universal in invertebrates like pro- 
tozoa, platyhelminthes, arthropods, and mollusks, playing significant roles in cal- 
cium transportation, storage, and homeostasis. Generally, changes of Ca” 
concentration may cause different effects on calctum metabolism in mantle and 
pearl sac, and the uptake and entrapment of calcium didn’t increase but decline 
when the concentration of Ca** was beyond a certain level, which may be closely 
related to the activity of calcium channel and Ca**-ATPase. Recently, more and 
more experiments have proved the calcium storage capacity of endoplasmic reticu- 
lum due to the identification of multiple calcium-binding proteins [92-94]. Every 
single calcium-binding protein is estimated to bind with 30 Ca**, since the concen- 
tration of Ca-binding protein could reach 30-100 mg/ml; the final concentration of 
calctum may be up to 10-15 mM. Generally speaking, as the calcium storage 
repository, endoplasmic reticulum is very critical to maintain the Ca** homeostasis 
between cytoplasm and extracellular matrix. 


1.3.4 The Maintain of Calcium Balance 


The fluxion of ions between extrapallial fluid and blood may be bilateral: On one 
hand, Ca*, mainly from the calcium cells in foot and mantle or the dissolution of 
CaCO; granules, could be directed toward shell surface during shell formation and 
reparation, accelerating shell growth. On the other hand, Ca** would migrate to 
tissues or return to external environments during intermolt stage [95]. The bidirec- 
tional transportation greatly maintains the dynamical equilibrium of calcium circu- 
lation, guaranteeing the homeostasis. The concentration of extracellular calcium is 
about 10 mM, 10,000 times higher than that inside the cell, precisely controlled by a 
series of regulatory proteins [37]. The regulation of calcium balance may comprise 
both extracellular and intracellular pathways. Extracellular circulation controls the 
intake and discharge of calcium between cytosol and extracellular matrix; the latter 
regulates the calcium fluxion between endoplasmic reticulum and cytosol. 
Previous studies reveal that calcium metabolism is regulated by several different 
protein families (Fig. 1.12): the entrance of Ca** into cell is controlled by calcium 
channels locating at cytoplasm and membrane, while Ca**-ATPase and Na*/Ca** 
exchanger is in charge of the efflux of calcium out of cell [96]; calcium-binding 
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Fig. 1.12 A working model for the apical-to-basolateral transcellular calcium transport and 
proposed subcellular storage in crustacean epithelial cells (gills, antennal gland, and hepatopan- 
creas) [97] 


protein and EF-hand protein are responsible for Ca** recognition. Wheatly drafted a 
model of transcellular calcium transport in crustaceans where voltage-dependent 
calcium channels (VDCCs), plasma membrane Ca**-ATPase (PMCA), sarco/endo- 
plasmic reticulum Ca**-ATPase, calmodulin, calreticulin, calsequestin, and other 
macromolecules all play pivotal roles. 

All in all, biomineralization is a ubiquitous and exquisite process, and its pro- 
duction biominerals exhibit various functions in every aspect of individual develop- 
ment. More remarkably, the formation of these biominerals is conducted at room 
temperature, normal atmospheric pressure, and almost neutral environment, but the 
characteristics of them are unapproachable among other artificial inorganic materials 
synthesized under extremely difficult conditions, especially their extraordinary stiff- 
ness, great resilience, and mechanical properties. Shell and pearl are typical 
biominerals in mollusks. The main component of shell and pearl is nacre. The 
unique luster of pearl significantly improves its decorative and economical value. 
Moreover, its application as bone-repairing material has also been reported. Present 
studies suggest that nacre would have a bright prosperity for biomedical potential 
since it could promote bone regeneration in mammals without causing inflammatory 
reactions [98, 99]. As a result, studies on the forming mechanisms of these two 
typical biominerals—shell and pearl—would firstly help us intensify the knowledge 
of biomineralization process, provide better ideas, and create the foundation for the 
synthesis of biomaterials. Secondly, their excellent performances are under the 
regulation of shell matrix proteins, the knowledge of which we’ve just acquired a 
small portion. The study of SMPs will be one of the most enduring research fields. 
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Last but not least, the regulation of shell matrix protein themselves has been seldom 
reported, and this would be an advanced research direction with the assistance of 
in-depth investigation of signaling pathways. 
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Chapter 2 ç 
Identification and Characterization Check for 
of Biomineralization-Related Genes 





Abstract Pinctada fucata, famous as one of the most important economically 
bivalves all over the world, is also an excellent animal model for biomineralization 
study, the process of which is conducted by reaction and precipitation via converting 
ions into solid minerals where matrix protein functions as crucial regulators (Pertea 
G et al, Bioinformatics 19:651—652, 2003; Conesa A et al, 21:3674—3676, 2005). In 
general, the studies of pearl formation could be separated into two aspects: the 
isolation, identification, and functional analysis of shell matrix proteins and calcium 
metabolism process, including Ca** absorption, transportation, storage and deposi- 
tion, etc (Ye et al. 34:W293—W297, 2006). We successfully constructed three 
suppression subtractive hybridization (SSH) libraries and established transcriptome 
database to obtain and analyze novel matrix proteins and their functions. In addition, 
we first isolated the full-length of CaM cDNA and characterized its functions. Other 
calctum metabolism-related proteins, such as calmodulin-like proteins and 
calcineurin, were also identified, the working mechanisms of which were studied 
in more detail at the same time. The primary techniques adopted in this chapter 
comprised RNA-seq, rapid amplification of cDNA ends (RACE), cell 
co-localization, in situ hybridization, RNA interference, CaCO; crystallization, etc. 
In summary, elucidating the underlying mechanisms of biomineralization will lead 
to the innovative understanding of medical sciences and materials and also provide 
significant technical supports for pearl shellfish farming and pearl production. 


Keywords Biomineralization - Gene - Shell matrix proteins - Calcium metabolism 


2.1 Materials and Methods 


2.1.1 Ethics Statement 


All of the studies were approved by the Animal Ethics Committee of Tsinghua 
University, Beijing, China. 
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2.1.2 Animals 


The adult pearl oysters, live and healthy P. fucata, with a shell length 5—6 cm and 
30-40 g of wet weight, were purchased from the Zhanjiang Pearl Farm (Guangdong, 
China). They were maintained in glass aquaria filled with aerated artificial seawater 
(Sude Instant Sea Salt, 3%) for a week under controlled temperature (20 + 2 °C) 
before experiments. They were fed with spirulina powder every day. 

Larval samples of P. fucata in Sects. 2.2.1 and 2.2.2 were gathered from the 
Guofa Pearl Farm in Beihai, Guangxi Province, China and Daya Bay Marine 
Comprehensive Experimental Station, Shenzhen, Guangdong Province, China, 
respectively. Fertilized eggs were harvested immediately after insemination. The 
trochophore, D-shaped, umbonal stage larvae and the juvenile samples were col- 
lected 17 h, 48 h, 14 days, and 35 days after a microscopic count guaranteed that 
>75% of the larvae had reached a particular growth stage. Fertilized eggs were 
incubated at 25 °C. 

Rabbits were raised under standardized pathogen-free conditions in the Animal 
Care Facility at Beijing. The study protocol for experimental use of the animals was 
authorized by the Ethics Committee of National Center for Clinical Laboratories. 
The 3R (reduction, replacement, and refinement) principles of animal experiments 
were strictly followed. 


2.1.3 RNA Extraction and cDNA Synthesis 


Total RNA was extracted from the larval stages by SV total RNA isolation kit 
(Promega, USA), according to manufacturer’s instruction. RNA quantity was 
assessed by measuring OD269/289 with a NanoDrop Lite spectrophotometer (Thermo 
Scientific, USA) or an Ultrospec 3000 UV-visible spectrophotometer (Amersham 
Biosciences, USA). The integrity of RNA was detected by fractionation on 1.2% 
formaldehyde denatured agarose gel and staining with ethidium bromide. In the 
subtractive hybridization procedure, 0.5 ug of total RNA was applied to produce 
double-stranded cDNA using the SMARTTMPCR cDNA synthesis kit (Clontech, 
USA). We used | pg of total RNA as the template for reverse transcription to first- 
strand cDNA synthetization by MMLV-RT reverse transcriptase (Promega, USA) 
and oligo (dT) (Promega, USA) as the primer. 

cDNA sequences were sequenced via an automated DNA sequencer (Applied 
Biosystems 3730XL, USA) and analyzed by the BLAST program available from the 
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). 
Primer Premier 5.0 (PREMIER Biosoft International, USA) was used to identify 
the encoding proteins. The ClustalX (version 1.81, ftp://ftp-igbmc.u-strasbg.fr/pub/ 
clustalx) and the Vector NTI (InforMax, Frederick, USA) were applied to perform 
multiple alignments and produce the phylogenetic tree. 
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2.1.4 Suppression Subtractive Hybridization and Library 
Construction 


Suppression subtractive hybridization procedures were performed with different 
development stages. The D-T library was constructed using cDNA prepared from 
early D-shaped stage (20-hour-old larva) as the tester and the trochophore stage 
(14-hour-old larva) as the driver. The U-D library used cDNA prepared from the 
umbonal stage (7-day-old larva) as the tester and that from D-shaped stage as the 
driver. And the J-U library was obtained using cDNA from the juvenile stage 
(35-day-old larva) and umbonal stage as tester and driver. 

We applied SSH using a PCR-Select'™ cDNA Subtraction kit (Clontech, USA), 
according to the manufacturer’s instructions. We used primer gapdhF and gapdhR 
(see Supplementary Table 2.1 for primer details) to examine the transcription 
abundance of the housekeeping gene gapdh for evaluating the subtraction efficiency. 
The PCR-amplified subtracted cDNA was then inserted into the T/A cloning vector 
pGEM-T Easy Vector (Promega, USA) and transformed into Trans2-Blue Chemi- 
cally Competent Cell (TransGen, China), following the manufacturer’s instructions. 

3515 clones from the 3 libraries were amplified by PCR using paired primers 
(Nested Primer1 and Nested Primer 2R) with the PCR-Select'™ cDNA Subtraction 
kit (Clontech, USA) to evaluate whether inserts were the enriched cDNA of the tester 
and then analyzed by electrophoresis on a 1.2% agarose gel to estimate the insertion 
size. The PCR products were combined with an equal volume of 0.6 N NaOH and 
spotted manually onto a nylon membrane. The membrane was hybridized with 
DIG-labeled cDNA probes synthesized for the driver and tester. The hybridized 
membrane was revealed to X-ray film to show the positive clones, which was 
conducted according to the manufacturer’s instructions with the DIG high prime 
DNA labeling and detecting starter kit If (Roche, Switzerland). Finally, 2975 clones 
with positive signals from tester cDNA hybridization and negative signals from 
driver cDNA hybridization were selected from the 3 libraries. Furthermore, we 
submitted the raw sequences to the NCBI dbEST database (GenBank: 
GW602961-GW603856). 


2.1.5 Sequence Analysis and Bioinformatics 


We selected 2975 positive clones for sequencing, and 2923 available sequences of 
them were returned. These sequences were edited and then assembled by the pro- 
grams PHRED, CROSS_MATCH, and CONSED (http://bozeman.mbt.washington. 
edu/). After removing the vector sequences, the remaining sequences with a mini- 
mum size of 100 bases were selected for further analysis. Remaining sequences were 
clustered using the TGICL [1] and assembled into 990 unigenes. We used the 
BLASTX search with the GenBank nr database to annotate those sequences; mean- 
while, an e-value of 10e-05 was used to cut off annotations with low similarities. 
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Since most of the sequences returned no hits, so we used Blast2GO [2] for gene 
ontology (GO) assignment, the results of which were classified using WEGO 
[3]. Unigenes were searched against the transcriptome of mantle tissue with a cutoff 
e-value of 10e-06 by BLASTN annotation. Coding regions were identified by 
aligning the unigenes by BLASTN (cutoff e-value 10e-05) to protein databases in 
the priority order of GenBank nr, KEGG, Swiss-Prot, and COG. Unigenes aligned to 
databases with higher priority did not proceed to the next stage. It was not until all 
the circles were finished when the alignments got ended. Proteins with highest ranks 
in BLAST results were selected to determine the coding region sequences and these 
sequences would be translated into amino acid sequences. Thus, both the nucleotide 
sequences (5’-3’) and amino sequences of the unigene coding regions were acquired. 
Unigenes that showed no similarities to known genes were then investigated by 
ESTScan [4] of nucleotide sequences (5’-3’) and amino sequences of the coding 
regions. Unigenes with a coding region shorter than 150 base pairs and with no stop 
codon were discarded during the secreted protein research. Signal peptides were 
searched in the different remaining potential full-length coding regions using 
SignalP v3.0 [5]. Transmembrane proteins were removed using the TMHMM Server 
v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) to predict transmembrane 
domains. Glycosylphosphatidylinositol-anchored proteins were discarded using the 
GPI modification predictor [6]. Signal peptide-positive unigenes were searched by 
TargetP [7] to remove proteins targeted to organelles. The remaining unigenes were 
considered to code for secreted proteins [8]. We also searched for known matrix 
proteins in P. fucata as a control. 

XSTREAM [9] was used to isolate genes coding for proteins with tandem- 
arranged repeated units. Unigenes with a coding region shorter than 150 base pairs 
were discarded in this research. The settings used in this analysis were as the default, 
1.e., degeneracy, 0; TR significance, high; and min consensus match, 0.8. The known 
matrix proteins of P. fucata were included as the control. 


2.1.6 P.fucata Oligonucleotide Microarray 


Based on the adult mantle tissue transcriptome data obtained from our previous 
study, 58,940 probes (60 nt), representing 58,623 transcripts, were synthesized in 
situ. In Sect. 2.2.2, total RNA from different stages was separately reverse- 
transcribed and purified. The labeled cDNA samples were mixed and hybridized 
to the microarray, and the processed slides were scanned with an Agilent G2565CA 
Microarray Scanner (Agilent Technologies, USA). 

The scanned microarray images were analyzed via the Agilent Software Feature 
Extraction. GeneSpring GX software (CapitalBio, USA) was used for quantile 
normalization and the statistical analysis. Cluster 3.0 software (CapitalBio, USA) 
was used to perform the cluster analyses on the entire data set. A principal compo- 
nent analysis (PCA) was used to determine the significantly differentially expressed 
genes between developmental periods. The significance analysis of microarrays 
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(SAM) software [10] was applied to perform the expression profile comparisons. 
Only genes whose changes were consistent (p-value < 0.05, fold change [FC] > 2) 
were selected as differentially expressed genes. We also prepared a scatter plot. We 
used the non-parametric Spearman’s rank correlation test to assess the correlation 
between the expression values measured by real-time RT-PCR and microarray for 
the set of candidate genes by SPSS 12.0 software (SPSS, USA). The functional 
enrichment of up- or downregulated genes during two consecutive developmental 
stages was assessed based on the GO [2] and KEGG [11] pathways annotation terms. 
Only the annotations with a g-value < 0.05 were considered significant. 


2.1.7 Candidate Biomineralization-Related Gene Screening 
and Bioinformatics 


In this study, among all unigenes upregulated from the umbonal to the juvenile stage, 
1113 unigenes, with an expression increasement over 20-fold, were further analyzed 
to screen for candidate biomineralization-related genes contributing to larval shell 
formation. A total of 831 of these unigenes mentioned above were not similar to any 
known genes/proteins, or they had some similarities between hypothetical and 
uncharacterized proteins after a BLASTX search using the GenBank nr database. 
All of these unigenes were considered uncharacterized, and the nucleotide (5’-3’) and 
ESTScan were used to investigate and analyze the amino acid sequences of those 
coding regions [4]. The following bioinformatics tools were employed to search for 
secreted potential matrix proteins [8]. Unigenes with a coding region <240 base pairs 
were removed, and the remaining coding regions were searched for signal peptides 
using SignalP v4.1 [5]. Peptide-positive proteins targeted to organelles were 
removed after a TargetP [7] search, and transmembrane proteins were removed 
using the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). 
XSTREAM [9] was used to isolate proteins with tandem-arranged repeated units 
using the default settings. The known P. fucata matrix proteins were checked as a 
control. 


2.1.8 Gene Expression Analysis by RT-PCR Assay 


Tissue expression pattern in the pearl oyster was investigated and analyzed by 
RT-PCR. Total RNA was isolated using the method described above for mantle 
edge, mantle pallial, gonad, adductor muscle, gill, hemocytes, foot, and viscus of 
adult individual P. fucata. Equal quantities (1 pg) of total RNA from different tissues 
were reverse-transcribed to first-strand cDNA using quant reverse transcriptase 
(Takara, Japan), following the manufacturer’s instructions. The synthesized cDNA 
was used as a template for the following PCR reactions. Gene GAPDH/Actin was 


28 2 Identification and Characterization of Biomineralization-Related Genes 


used as the positive control for cDNA preparations (see Supplementary Table 2.1 for 
primers details). Negative controls were conducted in the absence of the cDNA 
template to test for cross-contamination of the samples. All PCR products were 
subcloned and confirmed by sequencing. 


2.1.9 Tissue Specificity Analysis by Semiquantitative PCR 


Most matrix proteins were specifically expressed in mantle tissue, and the different 
regions of mantle pallial or edge referred to the formation of either nacreous or 
prismatic layer of the shell according to previous studies. As a result, a tissue 
specificity analysis by semiquantitative PCR or RT-PCR would help a lot to identify 
the candidate genes involved in shell or pearl formation. Primers (please refer to 
Supplementary Table 2.1 for more details) corresponding to the candidate genes 
were designed to investigate the tissue expression patterns in the pearl oyster, and 
housekeeping genes like f-actin or GAPDH were used as the positive control. 
Synthesized cDNA from gill, gonad, viscera, adductor muscle, foot, mantle edge, 
and the mantle pallial of adult oysters was used as the template for the PCR in every 
single reaction. All PCR products were verified and confirmed by sequencing. 


2.1.10 In Situ Hybridization 


Mantle tissue from adult P. fucata was removed and immediately fixed overnight in 
4% paraformaldehyde containing 0.1% diethyl pyrocarbonate (Sigma, USA). In situ 
hybridization assay was performed on frozen mantle sections. The fragments were 
amplified with the designed primers of the certain genes (see Supplementary 
Table 2.1 for more details) and inserted in multiple cloning sites of the pGEM-T 
Easy Vector (Promega, USA) and digoxigenin-labeled RNA probes were generated 
using a DIG RNA Labeling Kit (Roche, Switzerland). The concrete protocol was 
executed as described previously [12]. To avoid false-positive signals, the hybridi- 
zation temperature was increased to 50 °C. 


2.1.11 RNAi Experiments 


RNAi assay was performed as described in Suzuki et al. [13], with some modifica- 
tions. Different designed primers (see Supplementary Table 2.1 for details) were 
used to amplify specific sequences from the first-strand cDNA for GFP, while 
pEGFP-C1 (Clontech, USA) was used as the template. The PCR products were 
purified using PCR product purification kit (Boster, China). A RiboMAX™ Large 
Scale RNA Production Systems (T7) kit (Promega, USA) was used to synthesize and 
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purify the double-stranded RNA. RNase-free DNase I (Takara, Japan) was used to 
digest the remaining template DNA. The integrity and quantity of the dsRNA were 
detected as previously described. The dsRNA was then diluted to 40, 80, or 160 pg 
100 pl~' with PBS or water, and this 100 pl solution was injected into the adductor 
muscle of five 2-year-old individuals with a shell length of 5-6 cm. 100 pl PBS 
(water) and 40 pg GFP dsRNA in 100 pl PBS (water) were used as controls. Five 
individuals were used in each treatment. 

Total RNA from the mantle tissue of each oyster 6 days after injection was 
extracted and synthesized first-strand cDNA, as mentioned above. Real-time quan- 
titative PCR (RT-PCR) was used to quantity the expression levels of each gene, and 
f-actin was used as an internal reference. RT-PCR was conducted with the 
Mx3000PTM (Stratagene, USA) using an SYBRH Premix Ex TaqTMII kit (Takara, 
Japan), according to the manufacturer’s instructions (see Supplementary Table 2.1 
for primer details). Cycling parameters were 95 °C for 30 s (1 cycle) and 95 °C for 
5s, 55 °C for 30 s, and 72 °C for 30 s (40 cycles). Dissociation curves were analyzed 
to determine the purity of the product and specificity of amplification. 

The shells of the injection groups were thoroughly washed with Milli-Q water 
6 days after injection and air-dried. Shells were carefully cut into pieces that 
mounted on the scanner with the inner nacreous surface face-up, sputter-coated 
with 10-nm-thick gold, and analyzed using an FEI Quanta 200 scanning electron 
microscope. Areas at the center and edge of the shell (both prismatic and nacreous 
layer) were thoroughly examined and observed. Cross-sectional views were 
obtained by viewing from the edge of the shell. 


2.1.12 Recombinant Protein Expression and Purification 


The target gene was inserted into the recombinant plasmid vector like pET21b/ 
pET28a/pGEX-4T-1/pmal-c5x, which was then transformed into EF. coli cells 
(Transsetta, DE3) (Transgene, China). The recombinant cells were incubated at 
37 °C for 3 h when the cell density (OD¢09) reached 0.6—0.8 and then induced by 
0.45 mM isopropyl 1-thio-B-D-galactopyranoside (IPTG; Sigma-Aldrich) at 15 °C 
for 12 h. After 24 h of cultivation, cells were harvested and resuspended with lysis 
buffer (20 mM Tris, 500 mM NaCl, 10% glycerol, and 20 mM imidazole; pH 7.5). 
Then cells were disrupted via ultrasonic dismembrator (Sonics & Materials Inc., 
USA) at 28% power with 4 s pulse on and 6 s pulse off repetition cycle on ice. After 
centrifugation 12000 g for 40 min at 4 °C, the insoluble fraction was removed, and 
the supernatant was collected for further purification using affinity chromatography 
or antibody preparation. The purified protein was stored in a pH 7.5 solution (10 mM 
Tris, 500 mM NaCl) at -80 °C before use. The protein concentration and quality was 
determined by Nanodrop or BCA assay kit (Pierce, USA). Slight modifications were 
applied in actual concrete operation during the purification of different recombinant 
proteins. 
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2.1.13 Preparation of Recombinant Protein Antibody 


The insoluble precipitation mentioned above was redissolved and resuspended in 
denaturing lysis buffer (20 mM Tris, 500 mM NaCl, 6 M urea; pH 7.5). After the 
same centrifugation condition (12000 g for 40 min at 4 °C), the urea-soluble 
supernatant was collected and mixed with Ni—nitrilotriacetic acid (Ni-NTA) resin 
(CWBIO, China). The mixture was incubated at 4 °C for 1 h and then washed by 
washing buffer (20 mM Tris, 500 mM NaCl, 6 M urea, 40 mM imidazole; pH 7.5) to 
remove the heteropolymeric protein. Target protein was then eluted in elution buffer 
(20 mM Tris, 500 mM NaCl, 6 M urea, 200 mM imidazole; pH 7.5). Then the 
protein gel was injected into New Zealand rabbits. Anti-PfY2 polyclonal antibodies 
were raised in these rabbits following standard immunization procedures according 
to the manufacturer’s instructions. 


2.1.14 Ca**-Dependent Electrophoretic Migration and ® Ca 
Overlay Analyses 


Ca**-dependent electrophoretic shift assay was carried out according to the method 
of Burgess et al. [14]. The sample buffer, running buffer, and gels all contained 
0.1 mM CaCl, or EDTA in the presence of SDS. *°Ca overlay analysis followed the 
procedure of Maruyama et al. [15]. Purified recombinant oyster protein was trans- 
ferred onto nitrocellulose membrane after electrophoresis as described above and 
then labeled with “Ca (Amersham, USA). Autoradiography of the “°Ca-labeled 
proteins on the nitrocellulose membrane was obtained by a Storm 860 scanner 
(Amersham, USA). 


2.1.15 Circular Dichroism Spectropolarimetry 
and Fluorescence Spectra 


Circular dichroism (CD) spectroscopy was performed at 25 °C with constant N> 
flushing using a CD instrument (Jasco J-715, UK) calibrated with dio- 
camphorsulfonic acid. The far-UV CD spectra of target proteins were measured 
from 190 to 250 nm in 100 mM KCl, 20 mM Hepes buffer, pH 7.5 in the presence of 
2 mM CaCl, or EGTA and corrected using a blank buffer containing 100 mM KCI, 
20 mM Hepes buffer, pH 7.5. All measurements were performed 10 min after sample 
preparation with the following instrument settings: response time, 0.5 s scan speed, 
200 nm - min” !; sensitivity, 100 millidegrees; 1 mm spectral band width; and an 
average of four scans. 

The fluorescence emission spectra were collected at 25 °C using a Hitachi F-2500 
(Japan) spectrofluorimeter according to the method described by VanScyoc et al. 
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[16] with a slight modification. All samples were diluted in 100 mM KCI, 20 mM 
Hepes buffer, pH 7.5 in the presence of 5 mM CaCl, or EGTA, and the final 
concentration of each protein is 10 pM. The fluorescence of the phenylalanine and 
tyrosine residues in oyster CLP and CaM was measured using an excitation and 
emission wavelength pairs (250/280 nm and 277/320 nm, respectively). Testing 
methods and conditions may be modified slightly based on the characteristics of 
target proteins. 


2.1.16 Preparation of Recombinant Oyster CaLP and CaM 
Affinity Chromatography Columns and Affinity 
Chromatography 


Recombinant oyster protein CaLP (rCaLP; 5 mg) (sample preparation as mentioned 
above but not heated at 90 °C) and recombinant protein CaM (rCaM) were coupled 
to 0.6 g of CNBr-activated Sepharose 4B (Amersham Biosciences, USA) on the 
basis of the manufacturer’s instructions. The coupling efficiency was about | mg 
proteins per ml gel. Affinity chromatography was performed as described by Me’hul 
et al. [17] with some slight modifications. Five grams of oyster mantle and gill 
tissues was homogenized in 20 ml extraction buffer [10 mM Hepes, 150 mM NaCl, 
0.1% (w/v) Triton X-100, 5 mM dithiothreitol, 0.5 mM _ phenylmethanesulfonyl 
fluoride, 10 pg/ml leupeptin, 10 pg/ml pepstatin, pH 7.5] at 4 °C, respectively, and 
centrifuged at 22000 g for 35 min at 4 °C. The supernatants were passed over 
0.22 um filters and adjusted to 2.5 mM CaCl, before chromatographic separation. 
Then, the supernatants were loaded onto the rCaLP and rCaM affinity columns 
pre-equilibrated with the extraction buffer but with an addition of CaCl, to a 
concentration of 2.5 mM at room temperature. Thereafter, the columns were washed 
with 40 column volumes of extraction buffer containing 2.5 mM CaCl. Elution was 
carried out with the help of the extraction buffer containing 5 mM EGTA. The eluted 
proteins were analyzed by 12.5% SDS/PAGE and silver stained. 


2.1.17 Localization of CaM and CaLP in Primary Cultured 
Mantle Cell 


The primary culture of P. fucata was performed as Sect. 2.1.2. The culture medium 
used in this experiment was | x L-15 dissolved in fresh seawater, and the medium 
was changed every 2 days. On the 7th day after initiation of mantle cell culture, 
epithelial-like cells formed a monolayer on the poly-L-lysine-coated dishes and were 
lysed for subcellular fraction analysis using a nuclear/cytosol extraction kit (Tianlat, 
China). Samples were then processed for Western blot analysis with antibodies of 
CaM and CaLP. 
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2.1.18 Subcellular Localization of CaM and CaLP in Mantle 
Epithelium 


Small pieces (1 mm x | mm) of mantle located under the periostracum groove 
where biomineralization initiates [18] were fixed at 20 °C for 3 h with 1.5% 
glutaraldehyde and 3.4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. 
The following steps were performed according to Caceres et al. described before 
[19] with some modifications. Anti-rabbit serum conjugated with 12-nm-diameter 
gold (Jackson ImmunoResearch Lab., USA), diluted in PBG-Tween (1:20), was 
used as the secondary antibody in this study, and the samples were observed under 
the Philips CM120 Biotwin transmission electron microscope. 


2.1.19 Cell Culture and Transfection 


HEK 293T cells were maintained in DMEM medium supplemented with 10% FBS, 
1.5 g/l NaHCOs, and 100 U penicillin/streptomycin solution at 37 °C in 5% CO, and 
95% air on dishes or plates. Mammalian expression vectors were transfected into 
293T cells using Vigorous transfection reagent (Vigorous Biotechnology, China) 
following the manufacturer’s instructions. For transient transfection, 10 mg of DNA 
with 4 ml transfection reagent were added to 293T cells (©40% confluent for 
fluorescence confocal microscopy and >90% confluent for 
co-immunoprecipitation, respectively) in dishes or plates. 


2.1.20 Fluorescence Confocal Microscopy 


For intracellular localization analysis of EGFP and other fusion proteins, cells were 
grown on coverslips and fixed in a mixture of cold acetone and methanol (1:1) for 
5 min at —20 °C 24 h after transfection. Images were visualized and captured with an 
Olympus inverted microscope equipped with a charge-coupled camera (Olympus 
FV500). 


2.1.21 Preparation of Nuclear and Cytoplasmic Fractions 


After 24 h transfection, subcellular fractionation of 293T cells was separated by a 
nuclear/cytosol extraction kit (Tianlai, China) in accordance with the instructions of 
the manufacturer. Briefly speaking, after transfection of different expression plas- 
mids for 48 h, the cells were collected into a 1.5 ml centrifuge tube and centrifuged 
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for 5 min at 800 g. The pellets were washed one more time, and after that the cells 
were collected by centrifugation. The pelleted cells were resuspended in 500 ml 
Cytosol Extraction Buffer A (CEB-A) and incubated on ice for 20 min. Then the 
cells were vortexed for 10 s every 5 min and centrifuged at 1000 g for 5 min at 4 °C. 
The pellets contained crude nuclei. The supernatant was transferred to a brand-new 
tube and further centrifuged at 12,000 g for 5 min at 4 °C. The supernatant was 
cytosol extracted and was transferred to another new tube. Glycerol (20%) was 
added to the tube and stored at -80 °C until use. 

The crude nuclei pellets prepared previously were used to extract the nuclei 
protein. After removing the membrane components contaminated in the cytosol 
extraction, 100 ml of cold nuclear extraction buffer (NEB, USA) was added into 
the crude nuclei pellet, further vortexed and incubated on ice for 30 min, followed by 
centrifugation at 12,000 g for 5 min at 4 °C. The supernatant fraction containing the 
proteins extracted from the nucleus was transferred to a clean centrifuge tube and 
stored at —80 °C. 


2.1.22 Co-immunoprecipitation 


Cells were lysed in lysis buffer (Beyotime, China) containing 1 mM PMSF 48 hours 
after transfection. Furthermore, cell extracts were spun down at 14,000 g for 10 min 
at 4 °C 1 min after lysis. The extracts from each transfection were pooled into a 
1.5 ml tube. For co-immunoprecipitation, 2 ug antibody of EGFP was introduced 
into the extracts and incubated with end-over-end mixing for 2 h at 4 °C. Protein A 
Sepharose was then added and mixed for 1 h at 4 °C. After the immunoprecipitates 
had been washed five times with | ml lysis buffer, the protein A Sepharose beads 
were collected and suspended in 2 x SDS sample buffer, boiled for 5 min, and 
subjected to Western blot analysis with relative antibody. 


2.1.23 Domain—Domain Interaction Assay 


The effects of the extra C-terminal tail on the interactions between the C- and 
N-domains of CaLP were assayed by CD spectra. CD spectra were collected on a 
Jasco J-715 spectropolarimeter. C-CaLP and N-CaLP and C2-CaLP and N-CaLP 
were mixed with the molecule ratio of 1:1, respectively. The concentration of each 
protein component was 10 uM. CD spectra of single protein and different protein 
mixtures were obtained by an average of eight scans collected between 250 and 
190 nm. All spectra were recorded in buffer E (Pierce, USA) containing 2 mM CaCl, 
or 2 mM EDTA. All these experiments were repeated four times with a fresh batch of 
protein samples, and the data obtained were remarkably similar. 
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2.1.24 ANS Fluorescence Assay 


The conformational changes in all proteins were further investigated by 8-anilino-1- 
naphthalenesulfonic acid (ANS, Sigma) binding fluorescence assay on a Hitachi 
F-2500 spectrofluorimeter. ANS fluorescence emission spectra were controlled with 
excitation wavelength set at 370 nm. All procedures were performed at 25 °C, using 
a Multi-Temp II water bath circulator (Amersham Biosciences, USA). All proteins 
were incubated with ANS dissolved in buffer E for 30 min before measurement. All 
measurements were conducted in buffer E in the presence of 5 mM MgCl 5, 2 mM 
EDTA, or 2 mM CaCl>, with final concentrations of 20 uM for M-CaLP and 
W-CaLP; 30 uM for C-CaLP, N-CaLP, and C2-CaLP; 50 uM for ANS; excitation 
slit at 5 nm and emission slit at 10 nm; and an average of four scans. 


2.1.25 Structural Stability Studies 


Structural stability studies were performed under the instructions of the methods 
described by Ababou et al. [20, 21] with some modifications. Chemical unfolding 
at 25 °C with GuHCl was carried out by titrating an initial 2 mL of the folded 
protein placed in a 1 x lcm cuvette containing a stir bar. The titration was 
executed by removing an aliquot of the folded protein solution and replacing 
the same volume from an unfolded protein stock prepared in buffer E containing 
6M GuHCl. The unfolded protein stock was loaded into the titrator. After each 
automated increasing in the denaturant concentration, the samples were equili- 
brated overnight to ensure that all the proteins were unfolded completely. The 
native and denatured protein solutions both contained equal concentrations of 
proteins (for M-CaLP and W-CaLP, 10 uM; for C2-CaLP, N-CaLP, and C-CaLP, 
30 uM). The GuHCl stock solution was prepared fresh daily in buffer E. The 
decrease in helical signal with the addition of GuHCl to the proteins was 
monitored using far-UV CD spectra from 250 to 190 nm recorded on a Jasco 
J-715 spectropolarimeter as described in Sect. 2.1.15. All measurements were 
performed in buffer E. Absorbance signals at 222 nm were selected to calculate 
the folding fractions of the proteins. 

Observed ellipticities were transformed to apparent fractions of native-state 
protein (N protein), fN.app, by using the equation: 


J cep = Q — Op) /(On B Op). (2.1) 


where @ is the sample ellipticity at a particular GuHCI concentration and @p and Oyn 
represent the native (treated with 0 M GuHCl) and irreversible complete denatured 
states of the proteins (denatured by 6 M GuHCl), respectively. 
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The fraction of both the D protein (fp ,app) and the N protein (fN app) are such that 


T Nap TI Dapp =1. (2.2) 


2.1.26 Isolation of EDTA-Soluble Matrix Protein from Nacre 
in P. fucata 


The outer prismatic layer of the shell from P. fucata was removed, and the inner 
nacreous layer was crushed to a fine powder. The powdered nacre was decalcified 
with Tris-buffered 0.5 M EDTA (pH 8.0) at 4 °C for 3 days with constant stirring. 
The ESM was obtained by centrifugation at 16,000 rpm for 30 min, followed by 
exhaustive dialysis against Tris-buffered Milli-Q water. The dialyzed solution was 
concentrated and analyzed by reduced and unreduced SDS-PAGE. 


2.1.27 Preparation of Biotinylated CaLP and Protein Blotting 


Biotinylation of CaLP was performed as described by Billingsley et al. [22]. The 
efficiency of biotinylated CaLP was proven by dot blots [23] using CaLP-binding 
proteins extracted from the mantle of the pearl oyster using affinity chromatography 
[24]. BSA, in equivalent amounts, was used as a negative control. 


2.1.28 Protein Blotting 


Proteins in the gel (reduced PAGE) were electroblotted to nitrocellulose 
(NC) membrane using the Multiphor II Western blotting system (Amersham, 
USA). After incubation for | h in blocking solution (5% nonfat dry milk/20 mM 
Tris-HCl, pH 7.4/150 mM NaCl/2 mM CaCl), the blot was incubated with 
biotinylated CaLP (20 pg/ml) for 2 h in blocking solution containing either 2 mM 
CaCl, or, for control studies, 5 mM EGTA. Thereafter, the blot reacted with alkaline 
phosphatase (AP)-avidin (Invitrogen, USA) dissolved in blocking solution for 1 h, 
followed by color development with NBT/BCIP (Invitrogen, USA). 


2.1.29 CaCO; Crystallization Experiments In Vitro 


The calcitic crystallization oversaturated solution was prepared according to 
Guofeng Xu et al. [25] Crystallization experiments were performed by adding 
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samples to the freshly prepared crystallization solution on a slide at room tempera- 
ture. Twenty-four hours after the crystallization, the reaction solution was removed, 
and the crystals were analyzed and characterized. 

Raman spectrum, scanning electron microscopy (SEM), and optical microscopy 
were used to support the morphological observation and identification of the induced 
crystals. The Raman spectrum of the crystals was recorded with a Renishaw 
RM2000 spectrometer. The samples were positioned on a slide under a microscope 
(x50) focusing the laser beam on the sample while collecting the backscattered light. 
The Raman spectra showed a line with a wavelength of 514 nm provided by an argon 
laser limited to 4.6 mW power. Spectrum was recorded from 100 to 1500 cm '. The 
SEM photos were obtained using a Sirion200 scanning electron microscope (PEI). 
The cover glasses were coated with gold before imaging. For some larger crystals, an 
optical microscope (Leica DMIRB) could be used. 


2.1.30 Immunohistological Staining 


Immunohistological staining was carried out following Nudelman et al. [26] with 
minor modifications. A transversal section of the shell was incubated in 4% form- 
aldehyde containing 0.5 M EDTA, pH 8, at 20 °C with gentle shaking for 7 days for 
demineralization. After demineralization, the samples were washed with Milli-Q 
water and incubated in rabbit serum of anti-recombinant protein. The serum was 
diluted to 1:20 in TBS and incubated for 1 h with 5% nonfat dry milk. After washing 
with TBS, the secondary antibody, AP-conjugated goat-anti-rabbit antibody (1:600, 
Sigma), was applied to the samples for | h. Then, the samples were washed with 
TBS, and the color was developed with NBT/BCIP (Invitrogen, USA). The negative 
control group was prepared with preimmune serum. 


2.1.31 Cell Cycle Synchronization in Go Phase by Serum 
Starvation and Cell Cycle Analysis 


COS-7 cells were grown in DMEM supplemented cell culture medium with 10% 
FBS, 1.5 g/l NaHCOs, and 100 U penicillin/streptomycin solution at 37 °C in 5% 
CO>. Cells were synchronized in Gp by serum starvation (0.1% FBS) on confluent 
cultures for 48 h. Reentry into the cell cycle of Go-arrested cells could be achieved by 
cultivation in 10% FBS DMEM [27]. 

Analysis of the cell cycle was performed by flow cytometry. In three independent 
experiments, COS-7 cells were cultured on 60 mm dishes. After a certain time 
required for protein synthesis and expression, 1.5 x 10° cells were harvested 
(in collecting co-transfected cells, cells expressing both of green and red fluores- 
cence were gathered by the sorter), pelleted, and washed with phosphate-buffered 
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saline three times. After being fixed in 1 ml of ice-cold 70% ethanol overnight at 
4 °C, the cells were pelleted by centrifugation and incubated with RNAse (100 ug/ 
ml) at 37 °C for 30 min. Propidium iodide (20 ul of 1 mg/ml) was added to each 
suspension, and the cells were passed through a fluorescence-activated cell sorter 
(FACS Calibur, BD Biosciences, USA); data were acquired using CellQuest 
(BD Biosciences, USA) software. Percentages of cells in different phases were 
calculated and analyzed directly by the software. 


2.1.32 Calcineurin Enzymatic Activity Assay 


Calcineurin (PP2B) enzymatic activity in different tissues including the digestive 
gland, mantle, gill, gonad, viscera, gill, adductor muscle, and gonad of the adult 
P. fucata oyster was measured using a nonradioactive serine/threonine phosphatase 
assay system (Promega, USA), which could determine the amount of free phosphate 
generated in a reaction by measuring and analyzing the absorbance of a molybdate- 
malachite green—phosphate complex. Tissue preparation was performed following 
the procedure recommended by the manufacturers. 

Hemolymph withdrawn from the adductor muscle of six individuals with a 
disposable syringe was pooled to obtain 8 ml samples. The whole hemolymph was 
centrifuged at 200 g for 10 min, and the pellet was held on ice for further experi- 
ments. Other tissues sampled from six randomly selected adult oysters were pooled, 
respectively, and frozen in liquid nitrogen immediately after dissecting the animals. 
0.5—-1.0 g tissue from pool was powdered in liquid nitrogen and thawed on ice in 
three volumes of chilled phosphatase storage buffer (25 mM Tris-HCl, pH 7.5, 
2mM EDTA, 5 mg/L leupeptin, 10 mM f-mercaptoethanol, 1 mM benzamidine, 
5 mg/L aprotinin, | mmol/L PMSF, 2 mg/L pepstatin). The mixtures were then 
homogenized for 30 s at 4 °C with a glass Teflon potter three times. The resulting 
homogenates were centrifuged for 1 h at 100,000 g to remove the insoluble particles. 
To reduce 90-96% of the endogenous phosphate from sample, 250 wl of the 
supernatants was added to the Sephadex® G-25 spin column provided by the 
manufacturer, which should be equilibrated with 10 ml of cold phosphatase storage 
buffer ahead of time. After centrifuging at 600 g for 5 min at 4 °C, the eluted samples 
were collected for further assay. Appropriate phosphate standards were set by 
diluting 1 mM phosphate standard with the supplied phosphate-free water to gener- 
ate a standard curve for free phosphate. 

In a 50 uL reaction system, the premix solution including 10 pL of PPase 5 x 
reaction buffer (250 mM imidazole, pH 7.2, 50 mM MgCl, 1 mM EGTA, 250 pg/ 
mL CaM, 5 mM NiClh, 0.1% B-mercaptoethanol) and 5 ul of 1 mM phosphopeptide, 
RRA(pT)VA, was added into the provided 96-well plate, which was then placed at 
37 °C for 3 min. 35 pl enzyme sample containing 3 ug protein was directly added 
into each well and incubated at 37 °C. Half an hour later, 50 pl molybdate 
dye/additive mixture was added to all wells to stop the reactions. The absorbance 
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of the samples was measured using a plate reader with a 630 nm filter when color 
development is completed after another incubation at 37 °C for 30 min. The data 
were presented as a concentration (pM) of phosphate released per min per pg of 
tissue-specific protein. 


2.1.33 Quantitative Measurement of Interleukin-2 (IL-2) 
in Serum by ELISA 


The IL-2 assay was carried out with Human IL-2 ELISA Kit (Boster, China) 
following the manual instructions. Briefly, this assay employed and developed the 
quantitative sandwich enzyme immunoassay technique. A monoclonal antibody 
specific for human IL-2 was pre-coated onto a 96-well plate. Standards and samples 
diluted with sample solution (100 ml) were pipetted into the wells and incubated at 
37 °C for 1.5 h. All standards and samples were run and repeated in triplicate. After 
washing with PBS buffer, biotin-labeled antihuman IL-2 antibody was added and 
incubated at 37 °C for 1 h. Then, 100 ml of prepared streptavidin solution was 
pipetted into the wells and incubated for another 30 min at 37 °C with gentle 
shaking. After thoroughly washing the wells, 90 ml TMB substrate solution was 
added to the wells. The color was changed from blue to yellow with the addition of 
100 ml Stop Solution, and the intensity of the color was measured and analyzed at 
450 nm immediately. 


2.1.34 Quantitative Measurement of iNOS in Cultured 
Hemocytes 


Protein extracts from lysates of cultured hemocytes were prepared, and iNOS 
enzyme activity was measured with the help of a commercially available iNOS 
detection kit (JIANCHEN, China). iNOS activity was detected in the hemocytes by 
the conversion of 1-arginine to 1-citrulline. The iNOS is Ca**-independent, and the 
activity of which was calculated from the difference between samples containing 
1 mM EGTA and samples containing 1 mM EGTA with 1 mM NG-monomethyl- 
L-arginine (L-NMMA, a NOS inhibitor). The principle of this assay was based on 
the measurement of NO produced in the sample during a timed reaction. Then NO 
could produce a chromophore which could be further measured at 530 nm. One 
unit was defined as the amount of enzyme that would produce 1.0 nmol of NO per 
minute at 37 °C in 1.0 ml lysate of cultured hemocytes. Assays were repeated in 
triplicate. 
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2.1.35 NO Detection Assay 


NO detection kit (JIANCHEN, China) was used for the measurement of NO 
accumulation in the culture medium system. At the indicated time points, the culture 
medium was collected and nitrite was measured. The assay was performed according 
to the manufacturer’s instructions as follows: the culture medium from hemolymph 
was collected and centrifuged at 600 g for 10 min at 20 °C. The supernatants and 
standards (85 pl) were transferred onto a 96-well plate in triplicate and mixed with 
5 ml (0.01 unit) of nitrate reductase and 10 pl of 2 mM NADH for 20 min at room 
temperature. Then 50 wl each of color reagents A [sulfanilamide 
(r-aminobenzenesulfonamide)| and B [N-(1-naphthyl) ethylenediamine 
dihydrochloride] were added to the above mixture. After shaking for 5 min, the 
absorbance of each well was measured and analyzed at 540 nm. The concentrations 
of samples were calculated referring to the standard curve. 


2.1.36 Effect of Cyclosporin A (CsA) on Bacterial Clearance 
In Vivo 


E. coli MG1655, a wild-type strain carrying type 1 fimbriae which was cleared 
effectively by circulating hemolymph in vivo [28], was applied in this study. After 
MGI1655 was grown in LB culture medium at 37 °C for 12 h, bacterial cells were 
harvested by centrifugation at 5000 rpm for 10 min at 4 °C, then washed three 
times with cold PBS (137 mM NaCl, 2.7 mM KCl, 2 mM KH,PO,, 10 mM 
Na2HPO;,;, pH 7.4) buffer, and resuspended in PBS at an ODe¢oo of 1 (1 x 10°-210 
5 CFU ml~!). Bacterial clearance was studied with 50 ml of each bacterial 
suspension injection into the anterior adductor muscle of 15 individuals. Then 
the oysters were maintained within an aquarium at 20 °C. At 30, 90, and 150 min 
after the injection of bacterial suspension, 0.1 ml hemolymph samples were 
withdrawn from the anterior adductor muscles of five oysters separately. Each 
sample was placed in a tube containing 9.5 ml of sterile distilled water and 
thoroughly mixed to osmotically lyse the hemocytes. Tenfold serial dilutions in 
PBS of this lysate were placed onto LB agar. To detect the ability of bacterial 
clearance in the hemolymph when CN was inhibited, CsA was injected (20 mg/g 
soft tissue of pearl oyster) 6 h before the injection of the bacterial suspension. The 
hemolymph samples from CsA-treated group of 15 individuals were plated and 
incubated under the conditions mentioned above. The individual colonies grown 
on LB agar were counted after incubation at 37 °C for 10 hours. Three aliquots of 
hemolymph were taken from five oysters without any treatment as the basal 
number control of the endogenous bacteria. 


40 2 Identification and Characterization of Biomineralization-Related Genes 
2.1.37 Southern Blot Analysis 


The Southern blot analysis was carried out to determine whether these isoforms 
originated from one or multiple genes. Total genomic DNA was extracted from the 
oyster adductor muscle using the universal genomic DNA extraction kit (Takara, 
Japan) according to the manufacturer’s introductions. The quantity and content of 
DNA were determined by measuring Ax6onm With a NanoDrop Lite spectrophotom- 
eter (Thermo Scientific, USA). Genomic DNA (20 ug) was digested with restriction 
endonuclease EcoRV and Xhol, respectively. After digestion for 2 h, the digested 
DNA was separated on a 0.7% agarose gel, then transferred to a nitrocellulose 
membrane, and hybridized with a DNA probe. Negative control was carried out 
without adding genomic DNA. The DNA probe labeling and hybridization were 
fulfilled by using DIG high prime DNA labeling and detection starter kit I (Roche, 
Sweden) in accordance with the manufacturer’s protocol. 


2.1.38 Northern Blotting 


Total RNA (12 pg) from the mantle, digestive gland, muscle, gill, and gonad were 
transferred onto the S & S NYTRAN® SuPer-Charge nylon membranes (Schleicher 
& Schuell, USA). The membranes were cross-linked by UV cross-linker (CL-1000 
Ultraviolet Crosslinker, USA). The P. fucata GNA probe was generated by random- 
primed labeling of a fragment containing the initially cloned 335 bp fragment, 
labeled with [a-°’P] dCTP using the Prime-a-Gene® Labeling System (Promega, 
USA) and purified by MicroSpink G-50 columns (Amersham Pharmacia, USA). 
Northern hybridization was performed at 68 °C for 2 h in ExpressHyb'™ Hybridi- 
zation Solution (Clontech, USA). 


2.2 The Acquisition of Biomineralization Genes 


2.2.1 Identification of Genes Directly Involved in Shell 
Formation and Their Functions in Pearl Oyster, 
Pinctada fucata 


Identification and characterization of biomineralization-related genes during larval 
development could greatly enhance our understanding of shell formation. Genes 
involved in shell biomineralization were isolated via constructing three suppression 
subtractive hybridization (SSH) libraries representing genes expressed at key points 
during larval shell formation. A total of 2923 ESTs from these libraries were 
sequenced and gave us 990 unigenes. Unigenes coding for secreted proteins and 
proteins with tandem-arranged repeated units were screened and analyzed in the 
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three SSH libraries. A set of sequences coding for genes involved in shell formation 
was attained. RT-PCR and in situ hybridization assays were performed on five genes 
to investigate their specific spatial expression in several tissues, especially the mantle 
tissue. They all showed a distinct expression pattern from known biomineralization- 
related genes. Specific inhibition of the five genes by RNA interference resulted in 
diverse defects of the nacreous layer, indicating that they all were involved in 
aragonite crystallization. Intriguingly, one gene (UD_Cluster94.seq.Singletl) was 
restricted to the “‘aragonitic line.” The current data has yielded for the first time, to 
our knowledge, a suite of biomineralization-related genes active during the different 
developmental stages of P. fucata, five of which were all responsible for nacreous 
layer formation. This provides an available starting point for isolating new genes 
involved in shell formation. The effects of genes on the formation of the “aragonitic 
line,” and other areas of the nacreous layer, suggest a different control and regulation 
mechanism for aragonite crystallization initiation from that of mature aragonite 
growth. 


2.2.1.1 SSH Library Composition and Characterization 


Transcripts relevant to shell formation of P. fucata were isolated using an SSH 
procedure for the different development stages. That was the reason why three SSH 
libraries were constructed. The D-T library was constructed employing cDNA 
prepared from the trochophore stage (17-hour-old larvae) as the driver and that 
from early D-shaped stage (22-hour-old larvae) as the tester. The U-D library was 
obtained with cDNA prepared from the D-shaped stage (22-hour-old larvae) as the 
driver and that from umbonal stage (7-day-old larvae) as the tester, respectively. The 
J-U library was obtained by cDNA from the juvenile stage (35-day-old larvae) and 
the umbonal stage (7-day-old larvae) as tester and driver, respectively (Fig. 1.8a). 

To evaluate the effectiveness of subtraction, we tested the reduction of GAPDH 
mRNA expression level in each library. These results indicated that GAPDH mRNA 
abundance appeared to decrease by a factor of at least 1:1024 in the subtracted 
library compared with the unsubtracted samples. Thus, we could conclude that we 
have successfully removed housekeeping genes in our three SSH libraries. 

Differential cDNA fragments from the 3 libraries were screened and analyzed 
using CDNA dot blots of the 3515 clones (data not shown), 1.e., we sequenced 
990 positive sequences in the D-T library, 1180 in the U-D library, and 753 in the 
J-U library. Quality trimming and clustering were carried out, and these sequences 
produced 2376 contigs, which were assembled into 900 unigenes (see Table 2.1). In 
the D-T library, 484 sequences were singletons and library redundancy was 31%. In 
the U-D library, 177 sequences were singletons and library redundancy was 80%. In 
the J-U library, 70 sequences were singletons and library redundancy was 79%. The 
average cluster length was 396 bp in the D-T library, 376 bp in the U-D library, and 
415 bp in the J-U library (Fig. 1.8b). 
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Table 2.1 Summary of the three libraries 


Unique clusters 
DoT library |1277 mw o a 
ULD library 221 
TU libry TE 
Tota 2376 | 900 


Gene Ontology of SSH Library Unigenes 


Unigenes were annotated by BLASTX searches against the GenBank nr database to 
identify with an e-value >10e-05, with the result that 29% were found in the D-T 
library, 38% existed in the U-D library, and 47% in the J-U library. Blast2GO [2] and 
WEGO [3] were employed to annotate unigenes from the three libraries. Eighty-four 
(14%) D-T library unigenes, 52 (23%) U-D library unigenes, and 19 (21%) J-U 
library unigenes had hits in the gene ontology (GO) annotation and UniProt data- 
bases. What’s more, we found that a large portion of subtracted genes were similar 
among the three libraries (data not shown). In the three libraries, the most highly 
represented classes for GO “molecular function” were binding, transporting, and 
catalytic activity. The majority of genes with GO “biological process” annotations 
were involved in cellular and physiological processes. The “cellular location” of the 
majority of genes was “cell.” 


Annotation of Unknown Unigenes 


SSH procedures were carried out in the developmental stages, so the sequences 
found in libraries were related to metamorphosis, growth, and shell formation. We 
isolated genes according to their different functions from these libraries. 

We mainly focused on genes involved in the biomineralization process of 
P. fucata; as a result, we retrieved all unigenes with shared similarity using the 
GenBank nr database. Fifteen unigenes in the D-T library were similar to genes 
involved in biomineralization, 1.e., chitin synthase [29-31], chitin-binding protein 
[32-35], lectin [36—40], collagen [41-44], cysteine-rich protein [45], and fibrinogen 
[46-48]. Ten unigenes in U-T library returned a hit. They shared similarity with 
collagen, calmodulin, lectin, calcium-/calmodulin-dependent protein kinase kinase 
[49-53], BMP [54], ferritin-like protein [54-57], and matrix protein MSI7. In the 
J-U library, we found six unigenes by same approach. They shared high similarity 
with ferritin, lectin, matrix protein MSI60, and matrix protein MSI7. Much more 
interestingly, we found that DT_Cluster236 was similar to the nicotinic acetylcho- 
line receptor in Takifugu rubripes. Furthermore, an ACC binding protein (ACCBP) 
was also found to possess a nicotinic acetylcholine receptor [58] in previous work. 
Given the similar functional domain of DT_Cluster236, it might also be involved in 
the control of the transition process of ACC to other stable crystallization forms (like 
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calcite and aragonite) in shell formation. Therefore, we performed further in situ 
hybridization and RNAi analysis assay. 

The mantle is the most crucial tissue that controls shell formation, and proteins 
expressed by mantle tissue would be more likely to be involved in shell biominer- 
alization. Thus, we tried to screen and search some unigenes in the three SSH 
libraries against the transcriptome of the mantle tissue in P. fucata (data not 
published) by BLASTN annotation. 446 unigenes returned a hit with a cutoff 
e-value of 10e-06. 


Secreted Proteins 


Matrix proteins involved in the formation of the shell are mainly secreted proteins. 
We selected conceptually derived full-length gene products possessing a signal 
sequence, from the three substrate libraries. Based on the presence of conserved 
signal peptides and similarities (tandem-repeated units) to secreted proteins in 
GenBank (Fig. 2.1), we found that 52 (8.9%) unigenes encoding secreted proteins 
in the D-T library, 16 (7.0%) in the U-D library, and 7 (5.2%) in the J-U library. 

Based on the BLASTX analysis with a cutoff e-value of 10e-05, we found that 
most of the unigenes coding for secreted proteins in three libraries, 1.e., 88% in all, 
shared no similarities with sequences in the EST databases or GenBank nr. Some of 
them were similar to chitin-binding protein, sialic acid-binding lectin, and collagen- 
and glycine-rich shell matrix protein (MSI7), which were known to be involved in 
biomineralization. As a control, we also searched known matrix proteins in 
P. fucata, and 80% of them did encode secreted proteins. 


Proteins with Tandem-Arranged Repeated Units 


Another important characteristic of P. fucata biomineralization-related proteins is 
their modularity, which means that they are well organized in different functional 
domains. And many of the domains are composed of tandem-arranged repeated 
units. Thus, we retrieved and selected certain known matrix proteins in P. fucata as 
controls. XSTREAM [9] analysis showed that 74.6% of the matrix proteins 
contained tandem-arranged repeat units. Data from the three libraries were then 
searched, and we found 14 unigenes in the D-T library, 4 unigenes from the U-D 
library, and 6 unigenes in the D-T library, encoded for proteins with tandem- 
arranged repeated units (Fig. 2.2a—c). 

Shematrin family was chosen as query sequences for control (Fig. 2.2d). 
XSTREAM suggested that all of them had tandem-arranged repeated units and 
most of them contained more than one. BLASTX search of the GenBank nr database 
was conducted to analyze the tandem-arranged repeated units of 24 unigenes in our 
3 SSH libraries. Only one unigene (MU_Cluster65.seq.Singlet2) was proved to be a 
previously known P. fucata matrix protein MSI7, with 7 unigenes encoding for 
proteins similar to those found in other species, whereas the others showed no 
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Fig. 2.1 Predicted secreted proteins in the three SSH libraries [59] 

Unigenes with a coding region. 150 base pairs, processing a signal sequence, predicted to be 
secreted proteins by TargetP [7] on TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/ 
TMHMM/) and GPI modification predictor [6] together [8]. The unigenes coding for secreted 
matrix proteins were blasted and searched by BLASTX by the GenBank nr database with a cutoff 
e-value of 10e-05. (a) Unigenes from the D-T library. (b) Unigenes in the U-D library. (c) Unigenes 
from the J-U library 


similarities to any known genes in any known species. Altogether, considering the 
analysis of secreted proteins found in the three libraries, we presumed that there were 
four secreted proteins with tandem-arranged repeated units, 1.e., namely 
DT_Cluster252, DT_Cluster524.seq.Contigl1, UD_Cluster94.seq.Singletl, and 
IU_Cluster32. 

Three SSH libraries were constructed to isolate unigenes expressing at different 
developmental stages during new shell formation. Changes of crystals and micro- 
structures of the shell were relevant to biomineralization-related sequences in the 
D-T library involved in ACC formation, sequences in the U-D library correlated with 
aragonite formation, and sequences in the J-U library were involved in the formation 
of the microstructure of both nacreous and prismatic layers. 
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Fig. 2.2 Schematic of unigenes coding for proteins with tandem-arranged repeated units 
XSTREAM was conducted to isolate unigenes coding for proteins with tandem-arranged repeated 
units. Unigenes in the D-T library (a), U-D library (b), and J-U library (c), with a coding region 
longer than 150 base pairs, were consistent with this analysis. As a control, shematrin family genes 
found in P. fucata were analyzed by XSTREAM (qd). The identities of tandem-arranged repeated 
units were marked by numbers on the schematic at the top left of each motif (red font). The copy 
number of repeated units was shown on the top right of the motif (black font). There was a label of 
identity*copy number on the top of each motif. Bars= 50 amino acids (in a, b, c, d) 


Bioinformatics analysis indicated that only a small number of sequences in our 
three libraries were associated with GO terms. These results were similar to other 
non-model invertebrate EST data sets [60-63]. The main classes of annotated genes 
were the same in our three libraries and closely matched the mantle transcriptome 
analysis of the silver-lipped pearl oyster Pinctada maxima and the tropical abalone 
Haliotis asinina, where the public shared ESTs (removed genes encoding rRNAs, 
riboproteins, and mitochondrial proteins) were annotated with GO terms [64]. The 
cutoff e-value in our annotation pipeline was 10e-05 implying sequences with low 
similarities would be excluded in the GO hits. Sequences with low similarities and 
novel sequences were eliminated in the GO annotation, but the GO annotation 
showed that the main classes of sequences in the three libraries were putative 
genes expressed by the mantle which could control shell biomineralization directly. 

After careful and thorough analysis of BLASTX results, we found that some 
sequences were similar to certain known biomineralization-related genes. In the D-T 
library, sequences were found with similarities to chitin-binding protein and chitin 
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synthase. Chitin is an insoluble polysaccharide forming the highly structured frame- 
work of the shell. The chitinous material is already present in larval shell, 
presumably as a chitin—protein complex during the shell formation process of the 
marine bivalve mollusk Mytilus galloprovincialis [33]. Chitin synthase does play an 
important enzymatic role in the coordinated formation of larval bivalve shells [65]; 
therefore, a similar process may also exist during larval shell formation in P. fucata, 
where chitinous material was proved to be synthesized in the D-shaped stage. 

ACC is considered to be the precursor of other stable crystalline aragonite and 
calcite, also an important component of the D-shaped larval shell. According to 
current studies, ACC binding protein (ACCBP) shares significant sequence similar- 
ities with a group of acetylcholine-binding proteins and controls the formation 
process of ACC in P. fucata. And our group has proved it could inhibit the growth 
of calcite and induce the formation of ACC. This capacity of ACCBP relies heavily 
on its acetylcholine-binding site. The sequence of DT_Cluster236 shared some 
similarities with nicotinic acetylcholine receptor in Takifugu rubripes, indicating 
that it had an acetylcholine-binding site which might participate in the transition of 
ACC to other crystallines in the D-shaped larval shell formation. As a result, we 
investigated its function in later experiments. What’s more, we found some 
sequences in the U-D library similar to calcium metabolism-associated proteins 
(CaM, BMP, and CaM-KK). This could be explained by large amounts of calcium 
required during umbo shell formation. MSI60 participated in the nacreous layer 
formation during adult shell biomineralization and expressed in the J-U library. This 
result was consistent with previous work [66] that showed MSI60 expression was 
initiated in 31-day-old larvae. On the one hand, lectin, cysteine-rich protein, MSI7, 
fibrinogen, ferritin, and collagen were found to be involved in biomineralization. On 
the other hand, we found unigenes in our libraries did share some similarities with 
these biomineralization genes, suggesting us these unigenes might also participate in 
shell formation or reparation, and investigation to their structure—function relation- 
ships would greatly enhance our understanding of nacre formation and biomineral- 
ization. Further studies of these sequences are still ongoing. 

Genes containing tandem-arranged repeated units and encoding for secreted 
proteins could be selected as potential matrix protein candidates, and this strategy 
was successfully used for screening genes involved in shell formation in P. maxima 
and H. asinina [64], and experimental results showed that these isolated genes were 
indeed critical to the formation of shell. In our libraries, the four unigenes coding for 
secreted proteins with tandem-arranged repeat units were crucial matrix protein 
candidates for direct participation during biomineralization. BLASTX searching 
found no significant similarities with any known sequences in the GenBank nr 
database. Since mantle tissue has been considered to directly control the formation 
and reparation of shell, we also performed in situ hybridization to find out their 
specific distribution in mantle tissue in order to understand their functions. It has 
been verified that the shell matrix protein genes have their regional expression 
patterns along the mantle, and the distributions of these genes suggested their 
functions in shell biomineralization. Together with the ACC control-related 
sequence DT_Cluster236 mentioned above, we analyzed the spatial distribution of 


2.2 The Acquisition of Biomineralization Genes 47 


the other selected genes in different target tissues, especially the mantle tissue. The 
results indicated that although they all expressed in the mantle but not typical nor 
distinctive, since some of them could also be detected in other atypical or biomin- 
eralization irrelevant tissues. DT_Cluster236, IU _Cluster32, and DT _Cluster252 
were expressed not only by the mantle but also other tissues. This distribution 
pattern was different from known biomineralization-related genes. We suspected 
that proteins encoding by these genes may be secreted into the body fluids after 
synthesis in mantle tissue or undergo some fluid circulation so they could protect the 
oysters from abnormal crystallization in inappropriate locations, as ACCBP does. 
DT_Cluster236, [U_Cluster32, and DT_Cluster252 mainly expressed in both mantle 
pallial and mantle edge, whereas prismatic layer genes mostly expressed in the 
periostracal groove of the mantle, suggesting these genes were not involved in the 
prismatic layer formation. And this hypothesis was further supported by subsequent 
RNAi assay. 


2.2.1.2 Spatial Distribution of Unigenes in Mantle Tissue 


Bioinformatics analysis isolated a series of unigenes that might be involved in shell 
formation. However, if we didn’t perform any functional test or assay, their roles 
during shell biomineralization would be doubtful and unclear. Consequently, we 
further analyzed DT_Cluster236, the one predicted participating in ACC transition, 
and the other four unigenes encoding secreted proteins with tandem-arranged 
repeated units at the same time. These five unigenes had a hit in BLASTN search 
against the transcriptome of mantle tissue (cutoff e-value 10e-06). We analyzed the 
expressions of these five unigenes using RT-PCR technique. The concrete expres- 
sion patterns of the five genes were different, i.e., DT_Cluster32 and I[U_Cluster236 
could be detected in all eight tissues; DT_Cluster252 expressed in all tissues except 
the viscus, whereas UD_Cluster94.seq.Singlet] and DT_Cluster524.seq.Contig1 
were only expressed in the mantle tissue, including mantle pallial and edge 
(Fig. 2.3a). We have already known that different shell types are formed by the 
ordered secretion of matrix proteins and other macromolecules along the mantle 
[67]; thus the analysis of the distribution of these genes by in situ hybridization via 
frozen sections of the mantle admitted of no delay. Both DT_Cluster524.seq. 
Contig! and DT_Cluster236 were detected in all the mantle epithelial cells, except 
cells at the bottom of the periostracal groove (Fig. 2.3c, e). In situ expression of the 
DT_Cluster252 was detected locating to the mantle epithelial cells, with weaker 
signals in the outer epithelial cells of the middle fold at the periostracal groove and 
the inner epithelial cells of the outer fold (Fig. 2.3d). UD_Cluster94.seq.Singlet1 
mainly expressed in the epithelial cells at the top of the outer fold, the inner epithelial 
cells of the middle fold, and the epithelial cells of the inner fold (Fig. 2.3f). As with 
DT_Cluster524.seq.Contig1 and DT_Cluster236, the expression of [U_Cluster32 
was localized to most of the mantle epithelial cells. However, stronger signals 
appeared in epithelial cells at the bottom of the periostracal groove (Fig. 2.3¢g). 
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Fig. 2.3 Gene distribution patterns of selected genes in tissues of P. fucata 

(a) Tissue-specific gene expression pattern of selected unigenes by RT-PCR analysis. Total RNA 
was extracted from mantle edge (ME), mantle pallial (MP), foot, viscus (Vis), gonad (Gon), 
adductor muscle (Mus), hemocytes (Hem), and gill. RT-PCR was performed without a template 
as a negative control (Control). The housekeeping gene GAPDH was used as a positive control. (b) 
A section of oyster mantle was hybridized with GFP antisense RNA probes as a negative control, 
and no hybridization signal (dark purple) was detected in this section. DT_Cluster236 (c) and 
DT_Cluster524.seq.Contig] (e) were detected in all mantle epithelial cells (indicated by arrow- 
heads), except cells at the bottom of the periostracal groove (indicated by arrows). (d) Expression of 
DT_Cluster252 was detected in mantle epithelial cells (indicated by arrowheads) with weaker 
signals in the outer epithelial cells of the middle fold at the periostracal groove and the inner 
epithelial cells of the outer fold (indicated by arrows). (f) Expression of UD_Cluster94.seq.Singlet1 
was localized to the epithelial cells of the epithelial cells at the top of the outer fold, the inner 
epithelial cells of the middle fold, and the inner fold (indicated by arrowheads). (g) [U_Cluster32 
was expressed nearly all the mantle epithelial cells (indicated by arrowheads), but stronger signals 
was detected in epithelial cells at the bottom of the periostracal groove (indicated by arrows). OF 
outer fold, MF middle fold, ZF inner fold, PG periostracal groove. Scale bar, 0.5 mm 
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Hybridization with a control GFP antisense RNA probe didn’t show any significant 
signals (Fig. 2.3b). Furthermore, it was notable that the expression profiles were 
entirely different to all known matrix proteins. 


2.2.1.3 RNAi Knockdown of Unigenes 


The analysis of the spatial distribution profiles of those unigenes in mantle tissue 
suggested that the five genes (DT_Cluster236, DT_Cluster252, DT_Cluster524.seq. 
Contig1, UD_Cluster94.seq.Singlet1, and [U_Cluster32) expressed by mantle tissue 
were directly engaged in shell formation. Then we investigated the functions of them 
in vivo by RNAi. Matrix protein KRMP, responsible for the formation of the outer 
calcitic prismatic layer, and nacrein, involved in the inner aragonitic layer, were 
selected as positive controls, and GFP, which was not expressed in P. fucata, was set 
as independent control. Double-stranded RNA (dsRNA) was specially designed 
based on the sequences of the eight genes and injected into the adductor muscle of 
P. fucata (2 years old, shell length = 5—6 cm). Furthermore, we performed real-time 
quantitative PCR (RT-qPCR) to measure the mRNA expression levels of these eight 
genes 6 days after dsRNA injection. 

Apparently, compared with the GFP- and PBS dsRNA-injected groups, RT-PCR 
results showed that the gene expression levels of the 40 pg-injected groups were 
inhibited by approximately 50-60% and decreased by approximately 40% in the 
80 pg-injected groups. We could see from Fig. 2.4 that the expression levels of the 
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Fig. 2.4 Relative mRNA levels of the selected genes after RNAi 

The expression levels of the selected genes were detected using real-time quantitative PCR and 
analyzed 6 days after injection. Five individuals were executed in every group. The relative mRNA 
level of PBS (water)-injected group was detected to a relative value of 1.0 as control. The asterisk 
represented a significant (p < 0.005) difference compared with the control groups. Because the 
relative mRNA expression level of KRMP couldn’t be depressed in the 40 pg dosage-injected 
group, we must use 160 pg dsRNA in this group to ensure efficiency 
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eight genes did decrease with the increasing injection doses of dsRNA (from 40 pg 
to 80 pg), with the exception of the expression level of the 40 pg KRMP group 
remaining at 95% after 6 days, but the expression level of KRMP was reduced by 
about 35% with the addition of 160 pg dsRNA when compared with the negative 
control group (Fig. 2.4). Moreover, we detected and analyzed the expression of other 
six known biomineralization-related genes (Prismalin-14, aspein, and Prisilkin-39 
participating in the formation of prismatic layer; Pearlin, Pif97, and N19 engaged in 
nacreous layer formation) as controls for the higher-dosage injection groups (160 pg 
KRMP dsRNA-injected group and 80 yg from the other five groups). The gene 
expression levels of these six genes did not increase or decrease significantly, 
confirming that our RNAi assay did not interrupt other general gene expressions in 
the mantle tissue (data not shown). 

To further dig the role of these genes during shell biomineralization in depth, the 
inner surface structures of the shells were observed 6 days after injection, L.e., 
internal prismatic layer, nacreous layer, and the transition section “aragonitic line” 
also known as the boundary of the prismatic and nacreous layer. The surfaces of 
shells in the PBS- and GFP dsRNA-injected groups shared the same, normal, and 
well-defined microstructures compared with the non-treated groups. Small rectan- 
gular or hexagonal flat tablets of aragonites were packed together in nacreous layer 
to exhibit a stair-like growth pattern (Fig. 2.5al, a2). The boundary “aragonitic line” 
consisted of calcitic prisms on one side and flat tablets of aragonites on the other side 
(Fig. 2.511, 12). Prisms were built up as a well-compacted smooth structure in the 
prismatic layer (Fig. 2.50). Surfaces of the internal nacreous layers were changed 
dramatically to disordered forms in the five dsRNA-injected groups, 1.e., nacrein, 
DT_Cluster252, DT_Cluster236, [U_Cluster32, and DT_Cluster524.seq.Contig1. 
The normal structures were seriously disturbed either by random accumulation of 
crystals (DT_Cluster236, DT_Cluster252, and DT_Cluster524.seq.Contig1, 
Fig. 2.5d1-12) or the weird changed shapes of tablets (nacrein and I[U_Cluster32, 
Fig. 2.5b, c, j1-k2). These abnormal phenotypes were much more obvious in the 
higher-dosage (80 pg)-injected groups compared with the 40 ug dsRNA-injected 
groups (Fig. 2.5b-k2). However, shell surfaces of the “‘aragonitic line” and prismatic 
layer were normal and almost like the non-treated control. These results indicated 
that the four newly identified genes were involved in the formation of the nacre and 
internal nacreous layer. 

According to Fig. 2.5m1, m2, some cube-shaped tablets were observed at the 
nacreous side of the “aragonitic line,” disrupting shell structures in the lower-dosage 
(40 pg) UD_Cluster94.seq.Singlet] dsRNA-injected group (Fig. 2.5m1, m2). But 
the edges of the cube-shaped tablets were obscured by the changed shape of the 
tablets and some different-shaped, with the fusion of crystals causing the formation 
of some bigger tablets (Fig. 2.5nl, n2) in the high-dosage (80 pg)-injected group. 
Otherwise, the surfaces of the prismatic and nacreous layer were just like normal 
shells. These results implied that this gene could modify the shape of the tablets on 
the “aragonitic line” but had no effects on other sections of the shell. The shell 
surface in the 40 pg KRMP dsRNA-injected group remained normal as expected, 
which was consistent with the RT-PCR result that KRMP expression level hadn’t 
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been decreased significantly. In the 80 ug KRMP dsRNA-injected groups, calcitic 
prisms that formed the prismatic layer were abnormal. The surface of the calcitic 
prisms became lacunose, and their borders were broken with a little fusion 
(Fig. 2.5p). With the increasing amount of injection (160 pg group), similar changes 
appeared in calcites from prismatic layer (Fig. 2.5q). Structures of the “‘aragonitic 
line” and internal nacreous layer were normal in all KRMP dsRNA-injected groups 
compared with the negative control group. There were no significant disorganized 
structures in prismatic layers in the remaining groups. SEM pictures suggested that 
there was a strong possibility that the disturbance or disorder of growth in both layers 
could lead to the secretion of some regulatory proteins in mantle tissue to overcome 
inordinate growth in one shell layer. As a result, we injected 80 pg nacrein dsRNA 
and 80 pe KRMP dsRNA together to confirm our hypothesis. We found that the 
structures changed in both prismatic and nacreous layer, and the abnormal growth 
with disordered microstructures observed in each layer just matched the phenotypes 
in the separately injected groups. 

To investigate the roles of these five genes in shell formation, dsRNAs were 
injected into the oyster to knock down their specific expression levels. The relative 
mRNA expression levels of these genes decreased to 50-60% in lower-dosage 
(40 ug or 80 pg only for KRMP)-injected groups and to 40% in higher-dosage 
(80 pg or 160 pg only for KRMP)-injected groups (Fig. 2.4). Together with the SEM 
images of the inner surface of the shells (Fig. 2.5), we found that with more dsRNA 
injected, the relative expression levels of these genes were decreased with concen- 
tration gradient effects and the phenotype of shell defects became increasingly 
noticeable. The injection of KRMP needed more dsRNA compared with the other 
genes because the KRMP family has more than one homolog in P. fucata. So the 
dsRNA was designed to affect all of the members. And the expression level we 
tested and analyzed by RT-PCR was that of the four known genes. Therefore it is not 
amazing that more dsRNA was required. The prismatic layer showed lots of defects 
on the border of calcite crystals after the knock down of KRMP genes. Furthermore, 
the calcitic prisms formed a loosely organized structure. As a result, we supposed 
that the abnormal shell structures might be caused by the poor connection between 
the framework and the prisms [45, 68]. 

Nacrein has been considered to play an important role as a main synthesizer and 
carrier of CaCO; in aragonite crystallization [69]. However, further studies implied 
that the specific involvement of nacrein in the nucleation of aragonite crystals was 
skeptical [70-72]. According to previous research, shell defects only appeared in the 
nacreous layer, and this situation was consistent with the earlier injection of nacrein 
antibody experiments [73]. The results of our nacrein RNAi experiments supported 
the former view, but not the latter—the hypothesis that nacrein was engaged in the 
formation of nacreous layer. On the one hand, all of the five gene candidates could 
influence the nacreous layer formation as expected. On the other hand, the specific 
abnormal phenotypes of nacreous layer were not exactly identical in the injected 
groups, which could be generally classified into two categories: random accumula- 
tion of aragonite crystals, as seen in the DT_Cluster524.seq.Contig1-, 
DT_Cluster252-, and DT_Cluster236-injected groups, and changes of crystal 
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Fig. 2.5 Effects of selected genes on shell growth [59] 
The mRNA relative expression levels of the selected genes were significantly decreased by RNAi. 
(al) SEM image of the internal nacreous layer surface of the normal shell, with stair-like 


2.2 The Acquisition of Biomineralization Genes 53 


tablets, as seen in the other two unigene dsRNA-injected groups. We’ve already 
known that there might be two different antagonistic mechanisms that could explain 
the control process of shell formation: growth inhibition and crystal nucleation 
[74]. Nacrein, Pif, ACCBP, and Prisilkin-39 have been well studied in the shell 
formation of P. fucata. Not surprisingly, by observing the shell defects induced by 
repression of those genes encoding shell matrix proteins and their functions in 
CaCO; crystallization [13, 58, 73, 75], we noted that repression of genes inducing 
the nucleation of aragonite crystals, 1.e., Pif and nacrein, would lead to changes in 
aragonitic tablet shapes; however, repression of genes that could induce or facilitate 
aragonite crystal growth, like ACCBP and Prisilkin-39, would cause random accu- 
mulation of crystals. Based on these outcomes, we made a hypothesis that the 
changes of tablet shape were induced by the imperfection of crystal nucleation and 
the random accumulation was caused by crystal overgrowth. 

The “aragonitic line” is the sharp division between calcite and aragonite, where 
the longitudinal growth of calcitic prisms is inhibited and new aragonitic crystals are 
emerged. It is very inspiring that the knockdown of UD_Cluster94.seq.Singlet1 
influenced the formation of “aragonitic line.” The mineralogy, growth modalities, 
size, and shape of biocrystals are completely changed. However, little is known 
about this boundary, because it is a very narrow section in the inner surface of the 
shell, which is very difficult to split from the shell and very hard to directly extract 
proteins from this place. Our U-D library was then come out to isolate genes engaged 
in the initiation of nacre formation, which also occurred at this “aragonitic line.” 
Therefore it was not surprising that UD_Cluster94.seq.Singletl participated in 
“aragonitic line” formation. UD_Cluster94.seq.Singletl affected the inner surface 
of shell on the aragonitic side of the line, where the aragonitic tablets were barely 
formed and inhibited the progress of crystal growth. The tablets we reviewed were 
hexagonal and some even with a hollow structure. Nevertheless, the normal mature 
aragonitic tablets from the inner surface of the internal nacreous layer were much 
bigger and well organized with no hollow structure. In short, unigene 
UD_LCluster94.seq.Singlet! couldn’t affect the internal nacreous layer, but led to 
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Fig. 2.5 (continued) microstructures, and this was the normal growth pattern. (b-—k2) SEM images 
of the internal nacreous layer surface of the shells in dsRNA-injected groups, showing that the 
growth of the tablets was disrupted. (11) SEM image of the “aragonitic line” indicated the growth of 
nacreous tablets on the left side and calcites on the other right side. (m1l—n2) SEM images of the 
“aragonitic line” in the UD_Cluster94.seq.Singletl-injected group. (0) SEM image of the normal 
prismatic layer of the P. fucata shell. (p—q) SEM images of the KRMP-injected groups. 
Low-dosage (80 pg for KRMP, 40 pg for the other genes) injection of nacrein (b), DT_Cluster236 
(d1), DT_Cluster252 (f1), DT_Cluster524.seq.Contig1 (hl), [U_Cluster32 (j1) UD_Cluster94.seq. 
Singlet! (m1), and KRMP (p). High-dosage (160 mg for KRMP, 80 pg for the other genes) 
injection of nacrein (c), DT_Cluster236 (el), DT_Cluster252 (g1), DT_Cluster524.seq.Contig 1 
(il), [U_Cluster32 (k1), UD_Cluster94.seq.Singlet1 (nl), and KRMP (0) (a2, d2, e2, f2, g2, h2, i2, 
j2, k2, 12, m2, and n2) enlargement of the box in (al, dl, el, fl, gl, hl, i1, j1, kl, HW, m1, and n1). 
Bar= 10 mm in a2, b, c, f2, g2, h2, j2, k2, 12, d2, e2, 12, m2; bar = 50 mm in al, f1, gl, hl, jl, n2, 
p, q; bar = 100 mm in d1, el, il, kl, m1, o, l1, n1 
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the changes of the nacreous side of the “aragonitic line.” Thus, the controlling 
mechanism of aragonitic crystal initiation is different from mature aragonite crystal 
growth. The aberrant textures observed in this dsRNA-injected groups were very 
similar to those reviewed in some diseased specimens [76], suggesting that the pearl 
oyster may share the same defective mechanism under natural conditions. Further 
structure—function studies of this unigene will be continuing, and we truly hope that 
this will bring us closer and deeper understandings of biomineralization and mollusk 
shell formation. What’s more, we would like to use morpholino oligos to specifically 
knock down the expression level of this unigene in larvae, which would definitely 
help us analyze the function of the certain type of genes during shell formation [59]. 

Altogether, there are two different methods of investigation to profile the mech- 
anism of shell formation: one is to investigate its main components, such as the 
proteins directly involved in formation; the other one is to learn the formation 
pathways. This study mainly focused on the proteins participating in biomineraliza- 
tion, but the pathways are also very crucial in understanding the shell formation. And 
we will identify the concrete regulation pathways in our subsequent work. 


2.2.2 Microarray: A Global Analysis of Biomineralization- 
Related Gene Expression Profiles During Larval 
Development in the Pearl Oyster, Pinctada fucata 


Biomineralization-related genes have been proved to play very important roles 
regulating shell formation. But most previous work just focused on their functions 
in adult oysters, only small counts of studies investigated the biomineralization 
process during larval development when the shell initially starts to construct and 
finally forms until the juvenile stage in dissoconch shells. Here, for the first time, we 
intend to report a comprehensive and global gene analysis during larval development 
in P. fucata based on the microarray data and try to reveal the close relationship 
between biomineralization-related genes and shell formation. Based on the mantle 
transcriptome database of P. fucata, 58,940 probes (60 nt), representing 58,623 
transcripts, were synthesized. The global gene expression profiles of the fertilized 
egg; trochophore, D-shaped, umbonal stage larvae; and juveniles were analyzed by 
microarray performance. The expression patterns of the biomineralization-related 
genes were changing in accordance with their regulatory function during shell 
formation. Matrix proteins chitin PFMG2 and synthase were highly expressed at 
the D-shaped stage, and yet PFMG6, PfN23, and PFMG8 were significantly 
upregulated from the umbonal stage, indicating their different roles in regulating 
the formation of periostracum, Prodissoconch I, or Prodissoconch II shells. How- 
ever, the majority of matrix proteins were expressed at high levels at the juvenile 
stage when the shells have formed both a calcitic prismatic layer and an aragonitic 
nacreous layer as adults. Furthermore, we also identified and characterized five new 
genes which were significantly upregulated in juveniles. These genes were 
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specifically expressed in the mantle tissue and coded for secreted proteins with 
tandem-arranged repeated units as most matrix proteins do. The RNAi knockdown 
experiments resulted in disrupted nacreous and prismatic shell layers, suggesting 
their potential crucial roles in shell formation. Our results provide a global perspec- 
tive on larval gene expression patterns of P. fucata and propose a novel mechanism 
of how biomineralization-related genes regulate the formation of larval shell. These 
results could increase our knowledge on biomineralization-related genes and high- 
light some new aspects of shell formation mechanisms. 


2.2.2.1 Global Gene Expression Analysis 


The raw and normalized fluorescence microarray data have been deposited in the 
GEO database under accession number GSE63824. A principal component analysis 
(PCA) on the entire probe set divided all 15 sample pools into 5 different groups 
(Fig. 2.6), which were corresponded to the 5 larval developmental stages, respec- 
tively. The first and second components explained 70.93% of the variation in the 
entire data set. Stages of larval development were explained by the first principal 
components (PC1), explaining 48.99% of the variation, with low component loading 
for earlier stages and high component loading for later stages. A curved “horseshoe 
effect” along the second axis was obvious, which separated the D-shaped and 
trochophore stage larvae on the opposite side from fertilized eggs and juvenile 
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Fig. 2.6 3D score plot using the first 3PCs identified by principal component analysis on the entire 
larval gene probe set 

Fifteen pools of samples were divided into five groups, associated with the five larval developmen- 
tal stages. A triplicate was included at each stage point 
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stage. After a hierarchical clustering analysis, comparable results were obtained 
associated with similarities in the expression patterns (Fig. 1.10). These results 
demonstrated the different gene expression patterns in accordance with different 
developmental stages. Meanwhile, the three biological replicate pools at each devel- 
opmental stage shared a similar pattern, increasing the reliabilities and repeat 
abilities of our work. 


A. Transcriptional Changes Across Larval Stage Transitions 


Comparative analysis was achieved by SAM software to clarify the changes in 
expression profiles between two contiguous developmental stages [77]. Among all 
58,749 unigenes, the greatest amount of differentially expressed genes was identified 
between fertilized eggs and trochophore stage larvae, with 23,300 significant genes 
(11,021 downregulated and 12,279 upregulated). However, the stage when the 
fewest genes changed was between the D-shaped stage and trochophore stage, 
with 14,197 significant genes (6312 downregulated and 7885 upregulated). Overall, 
the expression profiles of most genes have changed dramatically during larval 
development (Fig. 2.7). 


B. Comparison of Fertilized Eggs and Trochophore Stage Larvae 


Seventeen different KEGG pathways (q-value <0.05) were significantly enriched 
between fertilized eggs and trochophore stage larvae. The majority was correlated to 
cellular progression (e.g., ko0Q3030://DNA replication, ko04110://cell cycle, 
ko03420://nucleotide excision repair, ko03430://mismatch repair, ko03440://homol- 
ogous recombination). The genes which changed dramatically between these two 
stages were related to GO: 0005634//nuclear and GO: 0005622//intracellular pro- 
cesses in a cellular component GO term analysis. 


C. Comparison of Trochophore Stage and D-Shaped Stage Larvae 


As many as 31 different KEGG pathways (g-value <0.05) were significantly 
enriched between the trochophore and D-shaped stages. Three pathways related to 
Shell formation and biomineralization were enriched, such as ko04020://calctum 
signaling pathway, ko04310://Wnt signaling pathway, and ko00350://tyrosine 
metabolism. Chitin synthase [31] was greatly upregulated with fold change 
(FC) values of CUST_24765, 75.81-fold increase; CUST_58227, 84.49-fold 
increase; CUST_56685, 34.93-fold increase; and CUST_ 39082, 60.81-fold 
increase, suggesting their potential roles controlling shell formation, because chitin- 
ous materials are synthesized during the D-shaped stage and contribute a lot to the 
shell framework. Matrix protein PFMG2 [10] (CUST_40154, 5.25-fold increase) 
was also upregulated at this stage and of great possibilities of engagement in the 
formation of Prodissoconch I. 
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Fig. 2.7 Analysis on the particular expression of 11 genes by RT-qPCR 

Relative gene expression levels (log2) of matrix proteins ACCBP, Pif, Pearlin, KRMP, Prisilkin-39, 
Pf£N23, chitin synthase, MSI60, and Pf{N44 were described in detail before, while relative gene 
expression levels (linear) of transcription factors Pf-smad3, Pf-smad4, and Pf-smad5 showed 
different patterns. All of these results were positively associated with the microarray data. 
F fertilized eggs, T trochophore stage, D D-shaped stage, U umbonal stage, J juvenile 
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D. Comparison of D-Shaped Stage and Umbonal Stage Larvae 


Only ten KEGG pathways (q-value <0.05) were significantly enriched compared 
with D-shaped and umbonal stage larvae. Most of the terms were referred to 
metabolic processes (e.g., ko00480://glutathione metabolism ko00260://glycine, 
serine, and threonine metabolism; ko00982://drug metabolism cytochrome P450, 
ko00591://linoleic acid metabolism). One of the most interesting things was that the 
tyrosine metabolic pathway was also involved in these stages. PFMG6 and PFMG8 
[10] were upregulated at the beginning of the D-shaped stage and then upregulated to 
a greater degree at the umbonal stage. 
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E. Comparison of Umbonal Stage Larvae and Juveniles 


A total of 20 KEGG pathways (q-value <0.05) were remarkably enriched between 
umbonal stage larvae and juveniles, and proteins engaged in tyrosine metabolic 
pathway increased the most. A cellular component GO analysis identified 16 terms 
for genes with most significantly changed. The terms “extracellular matrix” and 
“extracellular region” were referred to matrix proteins. As we have expected before, 
most known matrix proteins were upregulated to a greater level at the juvenile stage, 
indicating their particular and important roles in regulating the formation of either 
the outer calcite prismatic layer or the inner aragonite nacreous layer. 


F. Expression of the Tyrosine Metabolic Pathway from the Trochophore Stage 
to Juveniles 


Of all of the KEGG pathways predicted to participate in the comparison between two 
consecutive developmental stages, the tyrosine metabolic pathway (ko00350) was 
persistently active from the trochophore stage to juveniles with a g-value <0.05. 
Among all 202 contigs from the transcriptome engaged in this pathway, 70 were up- 
or downregulated from the trochophore stage to the D-shaped stage, 79 were up- or 
downregulated from the D-shaped stage to the umbonal stage, and 96 were up- or 
downregulated from the umbonal stage to juveniles. Twenty-six genes were engaged 
in all three comparisons (Table 2.2). The most significantly expressed gene was 
tyrosinase (CUST_54654), 716.82-fold upregulated from the umbonal stage to 
juveniles, as well as two other tyrosinase-like proteins (tyrosinase-like protein 
1, CUST_11152, and tyrosinase-like protein 2, CUST_41072) (Table 2.3). A pre- 
vious research reported that tyrosinase was located in the prismatic layer of the shell 
[78] and expressed specifically in the outer epithelial cells of the middle fold in 
mantle tissue, where periostracum formation occurred [79]. In addition to tyrosinase, 
melanin and the final metabolic product were also considered to play certain roles 
during cuticle sclerotization in insects. Altogether, these results implied the multiple 
and important functions of the tyrosine metabolic pathway during P. fucata larval 
development, shell and periostracum formation also included. 


G. Expression of Biomineralization-Related Genes During Larval 
Development 


Although matrix proteins are crucial for the regulation of the biomineralization 
processes, such as pearl and shell formation in mollusks, the number of identified 
and characterized matrix protein genes is still limited [59]. Normal GO or KEGG 
term analysis cannot perfectly match all the matrix proteins. Therefore, we identified 
all genes engaged in biomineralization in the oyster transcriptome, including the 
majority of known P. fucata matrix proteins like PFMG family, tyrosinase family, 
shematrin family, and other proteins mentioned above, and analyzed their expression 
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Table 2.2 Consecutively up- or downregulated unigenes of the tyrosine metabolic pathway 
between the trochophore larval stage and juveniles 


Probe name 
CUST_54694 
CUST_58138 
CUST_6716 
CUST_51407 
CUST_11562 


CUST_18671 
CUST_25915 


CUST_28047 
CUST_39791 
CUST_54455 


CUST_56433 


CUST_53080 
CUST_53245 


CUST_29733 
CUST_12898 
CUST_22403 
CUST_18929 
CUST_23905 


CUST_27372 


CUST_36101 
CUST_44222 
CUST_47036 
CUST_56279 
CUST_54925 
CUST_54967 
CUST_56212 


Specie 
Pinctada fucata 


Unigene11570 | cytosolic glutathione S-transferase 1 | Oesophagostomum 
dentatum 


 Unigene18681 mu class glutathione S-transferase Crassostrea gigas 


Unigene25932 | glutathione S-transferase sigma Crassostrea gigas 
class protein 


Unigene28066 | glutathione S-transferase class mu Cyphoma gibbosum 


Unigene39819 | glutathione S-transferase Chironomus tentans 


belcheri tsingtauense 
S-transferase philippinarum 
Mytilus edulis 
S-transferase 1, isoform CRA_c 
Haliotis discus discus 
Haliotis discus discus 


Unigene22418 Haliotis discus discus 
Unigene18939 | amiloride binding protein | Danio rerio 


Unigene23920 | Semicarbazide-sensitive amine Equus caballus 
oxidase 
Unigene27390 |C. briggsae CBR-GST-11 protein Caenorhabditis 
briggsae 


Brugia malayi 

Bos Taurus 
Lytechinus variegatus 
Aedes aegypti 
Tribolium castaneum 
Sepia officinalis 


Unigene56252 | Aspartate aminotransferase Bacillus 
stearorhermophilus 


profiles between two consecutive developmental stages [10, 24, 30, 58, 78- 
81]. Moreover, the expression levels of other biomineralization-related proteins 
like molluskan prismatic and nacreous layer 88 kDa protein [81], calmodulin-like 
protein [24], ferritin-like protein [82], and N151 [83] were also detected in Table 2.3. 
It was very interesting to find that most of the identified and characterized P. fucata 
matrix proteins were significantly upregulated between the umbonal stage and 
juveniles, such as the shell matrix protein shematrin-4 (CUST_24804) at 2977.7 
FC. And most of these genes were expressed at low levels in fertilized eggs to the 
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Table 2.3 Expression profiles of biomineralization-related genes between two consecutive devel- 
opmental stages identified in P. fucata 


T/O |D/T U/ 
Probe name Unigene name | Gene name FC FC DFC J/U FC 


CUST_24804 = an 
CUST_58195 | Unigene58235 | Pif J= |= |= [211691 
CUST_38575 | Unigene38603 | KRMPI = |- |= (Mni 
CUST_31  Unigene31 | Shematrin-5_ = = |= |9832% 
CUST_27219 | Unigene27237 | Pearlin J=- |- |190 | 823.021 
CUST_54654 | Unigene54694 | Tyrosinase | | 040] | 0.44} | 716.821 


CUST_53622 | Unigene53661 | Prismalin-14 324.487 


CUST_S0742 | UnigeneS0781 |Shematrin-6 |- |- |= | 256.391 

CUST_41072 | Unigene41100 | Tyrosinase-like pro- |r 0.43} | 196.87} 
tein 2 

CUST_53862 | Unigene53901 | PFMG3 6.48} | 0.09] 187.51 

CUST_44067 | Unigene44100 | shell matrix protein 176.49} 

CUST_56052 | Unigene56092 | ACCBP 1 =e le leae ee 


CUST_36021 | Unigene36043 |Prisilkin-39 119.487 
CUST_31135 | Unigene31156 |MSI60-related protein |- | - | — | 102.96] 


CUST_27662 | Unigene27680 | PFMG9 =} = | = | 76.881 

CUST_11152 | Unigene11160 | Tyrosinase-like pro- Pe [= 3.48t | 52.107 
tein 1 

CUST_55983 | Unigene56023 | PFMG4 = |24 46.131 


CUST_47372 | Unigene47407 3.85] | 0.42] 42.421 


CUST_9246 | Unigene9253 =| Calmodulin-like 0.79 40.167 
protein 





CUST_57434 8.381 
CUST_367 molluscan prismatic EE 5.067 

and nacreous layer 

88 kDa protein 
CUST_50058 | Unigene50096 |PFMG6 |- | 2031 | 5.821 | 4.531 
CUST_1708 | Unigene1709 |PFMGI]  — — J- |- |- | 2% 
CUST_45587 2.661 
CUST_24765 1.34 
CUST_45506 1.63 
CUST_40154 1.56 
CUST_53588 0.74 
CUST_52216 1.81 
CUST_56226 | Unigene56266 | Ferritin-like protein 087 | 099 | 159 | 051 


T/O FC fold-change (FC) in gene expression comparing trochophore stage larvae with fertilized 
eggs by Significance Analysis of Microarrays analysis; D/T ratio, U/D ratio, J/U ratio are similar Î, 
up-regulated with FC> 2, and |, down-regulated with FC <05 


umbonal stage but at high levels in juveniles, with the exception of PFMGI1/7 
(CUST_45506), ferritin-like protein (CUST_56226), and PEMG12 (CUST_52216) 
[10, 80]. We also detected and analyzed several genes homologous to those 
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associated with biomineralization in other molluskan species. Biomineralization- 
related genes, such as Clp1 protein (CUST_56502, Crassostrea gigas), Clp3 protein 
(CUST_57568, C. gigas) [84], linkine (CUST_53921, P. margaritifera) [85], and 
KRMP-7 (CUST_47674, Pinctada margaritifera), were upregulated in a similar 
mode between the umbonal stage and juvenile stage (data not shown). 

PFMG2 (CUST_40154) and chitin synthase (CUST_58227) were greatly 
expressed during the D-shaped stage. PFMG6 and PFMG8 were initially 
upregulated at the D-shaped stage but then significantly upregulated at the umbonal 
stage, indicating their potential roles in regulating the formation of Prodissoconch II. 


2.2.2.2 Gene Expression Profiles and Shell Formation During Larval 
Development 


The CaCO; crystal polymorphism and the shell layer structure are changing through- 
out the whole developmental stages [86]. Prodissoconch I is believed to be com- 
prised of ACC at the early D-shaped stage, but Prodissoconch II, composed of both 
calcite and aragonite, just appears during the umbonal stage. Finally, the dissoconch 
shell, with an outer calcitic prismatic layer and an inner aragonitic nacreous layer, 
forms at the juvenile stage [86]. Anyway, changes in matrix protein expression 
patterns reflect their roles regulating shell formation to a great extent. 

Chitin is an insoluble polysaccharide comprising the body structure framework of 
insects and mollusks [87]. Chitinous materials appear in the D-shaped stage and 
widely distributed in larval shells of the oyster Mytilus galloprovincialis, where it is 
predicted to form a chitin—protein complex [33]. Chitin synthase could stimulate 
mammalian chondrocyte proliferation via regulating the synthesis of extracellular 
matrix components [84], which is also a critical matrix protein responsible for the 
formation of structural framework in shells [30, 31, 88]. In our study, the expression 
of chitin synthase was significantly upregulated at the D-shaped stage and remained 
high expression level since then (Table 2.3), which might be relevant to the synthesis 
of chitinous materials and other biological processes in larval shell. Results of the 
RT-qPCR analysis showed a similar expression mode (Fig. 2.7). In addition, the 
calcium signaling pathway was also predicted to be engaged in this stage, due to the 
large calcium requirement to form Prodissoconch I. Furthermore, matrix protein 
PFMG2 was significantly upregulated at this stage, somehow suggesting its potential 
role in the formation of Prodissoconch I, which still needs more investigations. 

Most of biomineralization-related genes were expressed at relative low levels in 
umbonal stage, except for a few genes, such as PFMG6 and PFMG8. They were 
originally upregulated since the D-shaped stage and then upregulated to a greater 
extent from the umbonal stage. Based on previous research, the knockdown of 
Pf£N23 would interrupt the larval shell formation process since the early stage 
[S9, 89]. The microscopic structures of Prodissoconch I and Prodissoconch II vary 
from those of dissoconch shells [66], and expression of Pf{N23, PFMG6, and 
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PFMG8 may significantly affect early formation of larval shells. Furthermore, a 
KEGG pathway analysis predicted that some amino acid metabolic pathways were 
very active between the D-shaped and umbonal stage reflecting the rapid larval 
growth at this time. 

Microarray results showed that the majority of biomineralization-related genes 
were significantly upregulated at the juvenile stage with large FCs. These genes play 
critical roles regulating the formation of both prismatic and nacreous layers 
(Table 2.3). In addition to the contigs listed above, other contigs from the same 
biomineralization-related genes in transcriptome showed similar expression patterns 
across stages, in spite of some differences with fold change values. What’s more, 
gene expression profiles of chitin synthase, ACCBP, Pearlin, KRMP1, Prisilkin-39, 
Pif, Pf{N23, MSI60, Pf£N44, and transcription factors, such as Pf-smad3, Pf-smad4, 
and Pf-smad5 (GenBank accession nos. EU137731, KF307635, and KC462554), 
were also analyzed by RT-qPCR (Fig. 2.7). This result confirmed the positive 
correlation with microarray performance. Our data indicated that the highest expres- 
sion level changes in most biomineralization-related genes were in accordance with 
the formation of the prismatic and nacreous layers instead of the construction of 
Prodissoconch I and II. 

Furthermore, the tyrosine metabolic pathway truly has multiple roles in a wide 
arrange of biological processes, including innate immunity, pigmentation, sclero- 
tization, and wound healing [90-93]. Above all, the final product is melanin 
instead of tyrosinase, or other products from this metabolic pathway play crucial 
roles during cuticle sclerotization in insects [93, 94]. Shell is the last barrier for 
mollusks to external environment, and it possesses a similar function to that of the 
sclerotized cuticle in insects [10]. Tyrosinase, especially expressed in outer epi- 
thelial cells of the middle fold of the mantle, is responsible for pigmentation, 
construction, and the periostracum shell covering [78, 79]. In our research, the 
tyrosine metabolic pathway was continuously high active from the D-shaped stage 
larvae to juveniles, until the shell was initially constructed and gradually 
transformed into a typical bilayer structure. Among them, tyrosinase 
(CUST_54654, 716.82-fold increase), tyrosinase-like protein 2, (CUST_41072, 
196.87-fold increase), and tyrosinase-like protein 1 (CUST_11152, 52.10-fold 
increase) were all upregulated at first time in the larval umbonal through the 
juvenile stage (Table 2.3) and sharing a similar role as the majority of other 
known matrix proteins. Two homologous oxidase genes (CUST_56279 and 
CUST_47036) shared a similar and interesting expression pattern: both of them 
were dramatically upregulated at the D-shaped stage (46.35- and 44.82-fold 
increases) and downregulated at the umbonal stage (204.60- and 223.99-fold 
decreases) and further upregulated again (112.70- and 219.42-fold increases) 
from the juvenile stage. These results indicated that multiple functions of this 
tyrosine metabolic pathway during larval development in P. fucata, including the 
formation of the periostracum in shell and other complex biological processes. 
These results accurately reflected the relationship between the formation of 
prodissoconch or dissoconch shells and biomineralization-related genes. As a 
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Fig. 2.8 Gene expression patterns on how biomineralization-related genes regulating the formation 
of shell in P. fucata [95] 


Bar, 20 um in a, b, c; bar = 200 um in d. PI Prodissoconch I shell, P2 Prodissoconch II shell, 
D Dissoconch shell, PL prismatic layer, NL nacreous layer 


result, elaborating the working mechanism and significance of these genes regu- 
lating either the framework or the CaCO; crystals during shell formation is of great 
urgency. Based on the global expression profiles and potential functions we 
predicted, we propose a model on how different biomineralization-related genes 
regulate the larval shell formation process (Fig. 2.8). 


2.2.2.3 Identifying the Candidate Genes Involved in Shell Formation 


Most known proteins relevant to shell formation were upregulated with at least 
20-fold changes from the umbonal stage to juveniles. But the functions of 
biomineralization-related genes with similar expression patterns were still unclear. 
We speculated that some of them may get involved in pearl or shell formation 
process, which deserved to be further studied. As a result, we investigated those 
upregulated genes using some bioinformatics tools and screening criterions to select 
some potential matrix proteins. Among all 8786 upregulated genes between these 
2 stages, the expression of 1113 unigenes increased with a FC > 20. Besides the 
known matrix proteins and biomineralization-related genes as mentioned above, 
747 of these dramatically upregulated genes were not similar to any other known 
proteins after annotation, yet another 84 of them shared few similarities with 
uncharacterized or hypothetical proteins without defined functions. 

As we have stated previously, 80% of the known matrix proteins encode secreted 
proteins with signal peptides, and 74.6% of them possess tandem-arranged repeated 
units [59], indicating some localized and modular features in accordance with their 
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functions. These 831 genes were thoroughly analyzed and separated into 3 different 
classes. The remaining 138 genes were further analyzed by a SignalP search after 
excluding the genes without an open reading frame (ORF) containing 80 amino acid, 
and 35 secreted proteins with signal peptides were remained. A XSTREAM screen- 
ing analysis was then performed, and five genes encoding secreted proteins also 
containing tandem-arranged repeated units were selected as potential matrix protein 
candidate. The FCs in these genes were unigene35118_TP, 206.96-fold increase; 
unigene56675_TP, 152.68-fold increase; unigene18749_TP, 100.016-fold increase; 
unigene51738_TP, 21.94-fold increase; and unigene34354_TP, 22.37-fold increase. 
After a BLASTp search, we found that unigene56675_TP shared 45% identities with 
nacre uncharacterized shell protein 5 (NUSP5, GenBank accession no. P86967) in 
P. margaritifera [96], but the other four genes were not similar to any defined genes 
or known proteins. Since the functions of NUSP35 are still unclear, the roles of all 
these five candidates need further analysis and investigations. 

Identifying and characterizing secreted proteins containing tandem-arranged 
repeated units has become recognized as a useful strategy and criterion for screening 
genes engaged in shell formation of Haliotis asinina, P. fucata, and Pinctada 
maxima [59, 64]; PfN23 and PfN44 have been identified to be involved in shell 
formation by these methods [89, 97]. In this research, we want to investigate the 
genes which contain tandem-arranged repeated units and encode secreted proteins 
from the overregulated gene pool (FC > 20) between the umbonal and juvenile 
stage, when the majority of biomineralization-related genes were significantly 
upregulated and the dissoconch shell has been formed. Finally, we identified five 
new potential matrix protein candidates with great possibility to participate in 
biomineralization. Based on the tissue distribution analysis and RNAi knockdown 
experiment, these genes showed potential biomineralization-related characters not 
only in their gene expression patterns but also in functions. 


2.2.2.4 Expression Patterns of the Candidate Genes in Different Tissues 


The relative mRNA expression level of the five candidate genes probably involved 
in shell formation was analyzed in different tissues by semiquantitative PCR. As we 
expected before, each gene exhibited tissue-specific distribution pattern (Fig. 2.9). 
Unigene56675 was expressed specifically in the mantle pallial where matrix proteins 
responsible for the formation of nacreous layer were secreted [13, 74, 
98]. Unigene51738 and unigene34354 were specifically expressed in the prismatic 
layer-related tissue of mantle edge [74, 75, 99]. Furthermore, unigene18749 was 
detected in both the mantle edge and pallial, indicating its dual roles involved in both 
prismatic and nacreous layers [97, 100]. On the one hand, unigene35118 exhibited 
the highest expression in gill but also showed a relative high expression in the mantle 
edge based on RT-qPCR analysis (data not shown), probably due to the chitin- 
binding domain predicted in its coding protein. On the other hand, chitin is a critical 
organic molecule relevant to biomineralization [101], especially shell formation in 
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Fig. 2.9 Tissue distribution patterns of the five potential matrix protein candidates in Pinctada 
fucata by semiquantitative PCR analysis 

Total RNA in adult oyster gill, adductor muscle (Mus), viscera (Vis), gonad (Gon), foot, mantle 
pallial (MP), and mantle edge (ME) was extracted and reverse-transcribed as templates separately. 
The expression level of gene /-actin gene was used as a positive control 


mollusks [31, 33, 87, 88], and there are many matrix proteins participating in shell 
framework formation, such as Prisilkin-39 [75], the chitin-binding ability of which 
has been proved strong. Therefore, the role of unigene35118 still needs further 
investigation. 


2.2.2.5 RNAi Knockdown of the Candidate Genes 


The RNAi knockdown assay has been widely and maturely used to investigate the 
regulatory roles of matrix proteins in CaCO; crystallization during shell formation 
[32]. The microstructures of the prismatic and nacreous layer could be disrupted due 
to the downregulated matrix proteins [13]. That’s how the functions of candidate 
genes were investigated in RNAi experiments in vivo. An 80 ug aliquot of double- 
stranded RNA (dsRNA) was specifically designed according to each gene and 
injected into the adductor muscle of adult P. fucata with similar size. The efficiency 
of RNAi was tested 6 days later by RT-qPCR, leading to a 40—60% decrease in 
expression level of the corresponding genes, with no significant effects on other 
matrix proteins like pif, nacrein, and KRMP (Fig. 2.10). 

The inner surface of the shells was scanned and observed by SEM 6 days after 
injection, and both the prismatic and nacreous layers were observed separately 
(Fig. 2.11). The prismatic and nacreous layers of the shells in GFP-injected group 
were normal, same as negative control PBS-injected group, as seen in untreated 
oysters, (Fig. 2.1 la, e). The knockdown of unigene51738 and unigene34354 would 
result in disrupted phenotypes in prismatic layer. And the calcite in prisms became 
lacunose after the downregulation of unigene51738 (Fig. 2.11d), while the 
downregulation of unigene34354 resulted in an improper overgrowth of organic 
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Fig. 2.10 mRNA relative expression levels of the selected candidates and matrix proteins were 
knocked down by RNAi 


framework in prismatic layer (Fig. 2.11b). The inhibition of the chitin-binding 
domain contained in unigene35118 induced the absence of shell framework and 
lacunose prismatic surface (Fig. 2.11c). These results revealed their potential func- 
tions on controlling the prismatic layer formation. 

On the other hand, the decreased expression of unigene56675 and unigene18749 
would induce the abnormal and different CaCO, depositions in nacreous layer 
(Fig. 2.11f, g) at the same time, indicating their potential roles in controlling the 
nacreous layer formation. All of these results revealed the strong relationship 
between these potential matrix protein candidates and shell formation, but their 
primary structures and functions during the regulation process involved in biomin- 
eralization still need further investigation and analysis. 

Unigene51738 and unigene34354 were specifically expressed in mantle edge 
which was considered relevant to the formation of shell prismatic layer [45, 74, 
75]. The downregulation of these two genes caused the defects in shell prismatic 
layer. SEM images showed that the calcitic surface was tending lacunose, whereas 
the organic framework was still clear and visible after inhibiting unigene51738 
(Fig. 2.11d). But the downregulation of unigene34354 induced an abnormal inner 
surface of the prismatic layer, which was probably due to the activating overgrowth 
of the organic framework or the inhibition deposition of calcites (Fig. 2.11b). 
Unigene56675 was found expressing mainly in mantle pallial responsible for regu- 
lating the formation of shell nacreous layer [13, 74, 98]. The inhibition of this 
unigene56675 led to disrupted crystal deposition in nacreous layer (Fig. 2.11g). 
Unigenel18749 was detected in both the mantle edge and pallial of the oyster, 
suggesting its dual roles in both the prismatic and nacreous layer formation. The 
injection of 80 pg dsRNA for RNAi resulted in disrupted morphologies in nacreous 
layer (Fig. 2.11f), with no significant effects in prismatic layer (data not shown). 
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Fig. 2.11 Influences of the candidates on regulating CaCO; crystals on shell surface [95] 

The relative mRNA expression levels of the candidate genes were significantly decreased after the 
injection of dsRNA in vivo. (a) Scanning electron microscopic (SEM) images of normal shell 
prismatic layer. (b—d) SEM images of the prismatic layers after RNAi treatment: unigene34354 (b), 
unigene35118 (c), and unigene51738 (d). (e) SEM images of the nacreous layer in normal shells. 
(f-g) SEM images of the nacreous layers after RNAi treatment: unigenel8749 (f) and 
unigene56675 (g). a-2 showed an enlargement of the white box in a-l, as do b-2, g-2. Bar, 
50 pm in a-1, b-1, c-1, d-1, e-1, f-1, and g-1; bar = 20 pm in a-2, b-2, c-2, d-2, e-2, f-2, and g-2 


Unigene35118 the one containing chitin-binding domain was expressed at its 
highest level in gill in which place chitin was at filament shape [102]. Nevertheless, 
its expression level in mantle edge was still higher than other tissues. We’ve already 
known chitin is an important organic molecule in biomineralization, the formation of 
shell in mollusks included. The abnormal prismatic layer caused by the inhibition of 
unigene35118 was probably associated with the absence of shell framework 
(Fig. 2.11c). Further investigation of this gene would probably give us some new 
inspiration on the mechanisms of chitin mineralization. Taken all these results 
together, our data suggest the potential of these candidates on regulating shell 
formation [95]. 
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2.3. The Significant Roles Calmodulin and Calmodulin-Like 
Protein (CLP) Play During Calcium Metabolism 


2.3.1 Cloning and Expression of a Pivotal Calcium 
Metabolism Regulator: Calmodulin Involved in Shell 
Formation from Pearl Oyster (Pinctada fucata) 


The main component of bivalve shell is CaCO3, product of calctum metabolism. The 
process of calcium uptake, transportation, and recruitment is highly regulated and 
mediated by many factors. Among these factors, calmodulin (CaM) is a pivotal 
multifunction regulator of calcium metabolism existing in nearly all organisms, often 
considered to play an essential role in shell formation. In our research, we isolated 
the full-length CaM cDNA from Pinctada fucata. The protein encoded by oyster 
calmodulin shares high similarity with that in vertebrates. What’s more, the oyster 
CaM mRNA exhibited the highest expression level in gill, a crucial organ partici- 
pating in calcium uptake during oyster calcium metabolism. In situ hybridization 
results indicated that oyster CaM located specifically distributed at the outer epithe- 
lium cells of the dorsal region and the folds of mantle tissue, revealing that CaM 
truly engaged in regulation of calcium secretion and transportation. Furthermore, 
oyster CaM also exhibited a strong calcium-binding ability and typical characteri- 
zation of Ca**-dependent electrophoretic shift. In summary, we identified and 
characterized a pivotal calcium metabolism regulator of the oyster playing a crucial 
role in calcium uptake, transportation, and secretion during shell formation. 


2.3.1.1 Cloning and Sequence Analyses of P. fucata CaM cDNA 


We obtained a 377 bp cDNA fragment CaM1 by specially designed two degenerate 
oligonucleotides (F1 and R1) based on the conserved sequence of CaM in other 
species. Based on this sequence, another specific primer F2 was synthesized to get 
the unknown remaining 3’ terminal sequence of CaM. Same method was applied to 
get the 5’ terminal sequence. As we could see from Fig. 2.12, the full-length cDNA 
sequence of CaM was 739 bp, with a 69 bp 5’ untranslated region and a 203 bp 3’ 
untranslated region, an open reading frame of 447 bp. Two putative polyadenylation 
signals (AATAAA) were followed by a stop codon (TGA) and 15 bp upstream of 
poly (A) was situated at the 3’ noncoding region. A Kozak sequence (PUNNATGPu) 
was also found surrounding the methionine initiation codon (AAAATGG) of CaM 
cDNA. This cDNA sequence has successfully been submitted to GenBank with the 
accession number AY341376. 

The deduced CaM protein comprises of 149 amino acids with an isoelectric point 
of 4.14 and a calculated molecular mass of approximately 16.8 kDa. CaM found in 
P. fucata did not contain cysteine and tryptophan residues just like vertebrate and 
other mollusk CaM proteins. Generally speaking, CaM is a fairly conserved protein 
from the evolutionary standpoint. Multiple protein sequence alignment analysis 
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GGCTTTTGATACTGACAACTTAAACCCTACACCCAGTCGTACTTCATCCCCTGATATTAA 60 
TAGGATAAAATGGCCGATCAGCTGACAGAGGAGCAGATCGCAGAATTCAAGGAAGCGTTC 120 

MA DO LTE EQO ILAE FK EAF 
AGTTTGTTTGACAAGGACGGCGATGGTACAATAACAACCAAGGAGCTGGGTACAGTAATG 180 
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JAAGACACCGACTCGGAAGAGGAAATTAGAGAAGCTTTCAGAGTGTTCGATAAAGATGGC 360 
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AATTATGAAGAATTTGTGAAAATGATGATGTCGAAATGAAATAAACATTTCATCGGAACG 540 
NY EEF VK MMM SK * 
GCTTTGCTACGCACGTCATAAACGCAATTTTGTCAAACTTTTTACAGCGTACTTTACATT 600 
GTAATACATTGAATATTATACAACTTATCAGGAATCCAATGCATTTGTGTCTATTGAATT 660 
ATATTTTACGAAAGGTGTTAACTTTATTTATATGATGAAACAATAAACTAGAAACGACTT 720 
GGAAAAAAAAAAAAAAAAA 739 


Fig. 2.12 Nucleotide and its deduced amino acid sequence of CaM cDNA in P. fucata 

The stop codon was labeled with an asterisk, and the possible polyadenylation signal sequence in 3’ 
untranslated region was underlined. This cDNA sequence has successfully been submitted to 
GenBank (accession number: AY341376) 


(Fig. 2.13) revealed that the CaM sequence of P. fucata shared high similarities with 
other homologs isolated no matter from vertebrate or invertebrate animals. Only four 
residues (Phe'”’, Lys'“*, Met'*’, and Ser'**) concentrating mainly at the carboxyl 
terminus varied from vertebrate CaM, although the identity of the nucleotide 
sequence of the open reading frame was not significant. Phe’°’ and Ser’*® were 
treated as the typical residue of invertebrate CaM [103] and the characteristic residue 
in other mollusks [104]. In other words, there were only two amino acid residues 
altered in CaM during the evolution process from pearl oyster to vertebrate. Fur- 


thermore, only two residues (Lys'“* and Met!*’) were different from Aplysia CaM 
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Ape (1) -ADOLTEEOTABFKEAFSLFDKDGDGTITTKELGTVMRSTGONPTEAELQ 
Mes (1) - ADQLTEEQTAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQNPTEAELQ 
pat (1) -ADQLTEEOTAEFKEAFSLFDKDGDOTITTKELOTVMRSLGONPTEAELO 
pfa (1) MADQLTEEQTAEFKEAFSILFDKDGDGTITTKELGTVMRSLGQNPTEAELQ 
Hsa (1) MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQNPTEAELQ 
Bot ‘(1)_- ADQLTEEQTAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQNPTEAELQ 
Rno (1) MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGONPTEAELO 
51 100 
Apc (50) + DMINEVDADGRJGT IDF PEFLTMMARKMKDTDSEEEIREAFRVFDKDGHIGE 
Mes (50) BMINEVDADGDGTIDFPEFI Mi R iG 
Pat (50) DMINEVDADGDGTIDFPEFLTMMARKMKDTDSEEEIREAFRVFDKDGDGH 
Pfa (51) DMINEVDADGIJGTIDFPEFLTMMARKMKDTDSEEEIREAFRVFDKDGHGE 
Hsa (51) + DMINEVDADGAJGTIDFPEFLTMMARKMKDTDSEEEIREAFRVFDKDCRGMs 
Bot (50) DMINEVDADGH]GTIDFPEFLTMMARKMKDTDSEEEIREAFRVFDKDGHGS 
Rno (51) DMINEVDADG§]GTIDFPEFLTMMARKMKDTDSEEEIREAFRVFDKDGHG§l 
101 149 
Ape (100) _ISAABLRHVMTNLGEKLTDEEVDEMIREADIDGDGOVNYEEFVTMMBSK 
Mes (100) _ISAAELRHVMTNLGEKLTDEEVDEMIREADIDGDGOVNYEEFVKMMK 
Pat (100) ISAAELRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYEEFV TMK 
pfa (101) _TSAAELRHVMTNUGEKLTDEEVDEMIREADIDGDGQVNYEEFVKMMMgK 
Hsa (101)  ISAAELRHVMTNEGEKLTDEEVDEMIREADIDGDGQVNYEEF VOMMIIK 
Bot (100) ISAAELRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYEEFVOMM@igK 
Rno (101) 


Fig. 2.13 Multiple sequence alignment of oyster calmodulin and CaMs from other typical verte- 
brates and invertebrates. Apc, (Aplysia californica) CaM, CAA40207; Mes, sea anemone 
(Metridium senile) CaM, MCXAM, Pat, scallop (Patinopecten sp.) CaM, MCSW;; Pfa, pearl oyster 
(P. fucata) CaM, AY34137; Hsa, human (Homo sapiens) CaM, P02593; Bot, bovine (Bos taurus) 
CaM, MCBO; Rno, rat (Rattus norvegicus) CaM, CAA32119 


compared with other mollusk species [105]. Nevertheless, it was still interesting that 
four residues (Asn®!, Asn”, Lys'**, and Thr!*’) in P. fucata were converted to Asp 
oe Asp”, Thr'“*, and Thr!*’, respectively, in Patinopecten [106], a closer species to 
our pearl oyster P. fucata in an evolutionary standpoint. In addition, multiple 
sequence alignment analysis also indicated that Lys'“* was fairly conserved in sea 
anemone and pearl oyster same time. As Met!*” was only existed in P. fucata, it 
could be viewed as a unique residue for oyster. 


2.3.1.2 Expression Pattern Analysis 


Tissue-specific distribution of oyster CaM in different tissues was detected via 
semiquantitative RT-PCR to investigate the function of CaM in pearl oyster. 
RT-PCR reactions were carried out based on RNA samples from mantle, gonad, 
adductor muscle, and gill. Oyster CaM was expressed in all tested tissues as shown 
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in Fig. 2.14. However, the relative expression level of CaM was higher in gill, 
adductor muscle and mantle other than gonad with identical expression of 28S 
ribosomal RNA in all samples. Data from three independent experiments were 
similar. 

Shell formation requires large amounts of calcium [107], and biomineralization 
also needs the effective transportation and control of calcium ions. According to 
current findings, gill is the major organ functioning on calcium uptake from the 
external environment [107, 108], and CaM has been considered to be a critical 
regulatory factor in membrane Ca**-ATPase system or “calcium sink” in the gill of 
scallop [109]. What’s more, CaM has been reported engaged in ciliary arrest of 
calcium [110]. The results of in situ hybridization showed that the mRNA of oyster 
CaM was widely expressed in epithelial cells of the branchial filaments (data not 
shown). Since L-type Ca** channels modulated by CaM were suggested taking part 
in calcium transportation for calcification in some known marine invertebrates 
[111, 112], the highest expression level of oyster CaM in gill supported the hypoth- 
esis that CaM was most likely to function as an essential regulatory factor during 
calcium uptake and accumulation in gill. 

Mantle is another crucial organ regulating metal ion metabolism, and actively 
participating in the secretion of calcium and other ions for CaCO, crystal growth 
during shell formation [113]. In situ hybridization analysis was further performed to 
detect the precise distribution pattern of CaM in mantle tissue. Strong hybridization 
signals were detected mainly at the outer epithelial cells of the inner fold, the outer 
epithelial cells of the middle fold, and the inner epithelial cells of the outer fold of 
mantle (Fig. 2.15a). In addition, they were also found in the outer epithelial cells of 
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Fig. 2.15 In situ hybridization of oyster CaM mRNA in the mantle of P. fucata [52] 

Hybridization signals (arrows and arrow heads) showed in all three folds of the mantle (a). Three 
overlapping pictures of the same section were taken to observe the distribution of hybridization 
signal over the whole tissue. Strong hybridization signals were indicated in the inner epithelial cells 
(arrow heads) and the basement cells of outer fold of the mantle (arrow) in (b). Hybridization 
signals were also detected in outer epithelial cells of the dorsal region by arrows in (c). OF outer 
fold, MF middle fold, ZF inner fold. Magnifications are 25x (a) and 100x (b and c) 


the dorsal region (Fig. 2.15c) and the basement cells of the outer fold (Fig. 2.15b), 
but yet the control sense probe during hybridization showed no signals (data not 
shown). Surprisingly, no hybridization signal was tested in the outer epithelial cells 
of the outer fold. Based on these data we got, we proposed a hypothesis that CaM 
might be involved in the CaM-dependent calcium transportation driven by Ca’*- 
ATPase and participate in the calcium secretion regulation during shell formation. 
What’s more, the oyster CaM also showed high expression in muscle, in accordance 
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Fig. 2.16 Expression of recombinant P. fucata CaM in the culture supernatant detected by 15% 
SDS-PAGE with sample buffer containing 5 mM EGTA and stained by Coomassie Brilliant Blue 
R-250 

Lane 1, protein molecular mass marker; lane 2, proteins of BL21 (DE3); lane 3, proteins of 
pET-15b/CaM induced by 0.5 mM IPTG for 2.5 h; lane 4, purified recombinant CaM by phenyl- 
Sepharose column. The molecular mass in kDa was indicated on the left of the gel, and the purified 
recombinant CaM was shown by the arrow on the right 


with the fact that CaM was a dispensable modulator for muscle contraction control- 
ling shell closing and opening. Besides, oyster CaM was also detected in gonad, 
suggesting its dual roles in oyster procreation. 

In summary, although we have analyzed the expression level of oyster CaM in 
different tissues and investigated its precise expression site in the gill and mantle, the 
detailed regulatory mechanisms of CaM in calcium uptake, accumulation, and 
release during shell formation remain further study. 


2.3.1.3 Expression and Purification of P. fucata Recombinant CaM 


The coding region of P. fucata CaM was cloned into pET-15b expression vector and 
further expressed in E. coli. BL21 (DE3). The recombinant expressed protein CaM 
was detected by SDS-PAGE and accounted approximately 21% of the total bacteria 
soluble proteins as shown in Fig. 2.16. We must assure that there was only one single 
band could be observed on 15% SDS-PAGE, the sample buffer of which should 
contain 5 mM EGTA after purification by phenyl-Sepharose hydrophobic chroma- 
tography. The apparent molecular mass of this single band was 17 kDa, consistent 
with the expected molecular mass of oyster CaM. After multiple attempts, we found 
that direct isolation and purification of CaM from tissues were very complicated and 
the yield was extremely low. But luckily, the expression and purification of CaM in 
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Fig. 2.17 Western blot analysis of the expression of CaM in P. fucata 
Lane 1, purified recombinant oyster CaM; lanes 2, 3, and 4, oyster tissues, mantle, muscle, and gill, 
respectively 


E. coli cells were much easier, and the yield was even higher than traditional 
methods. The expression and purification of chicken, human, and rat CaM in 
E. coli have been reported [114-117], and here, we successfully expressed and 
purified a mollusk CaM in E. coli for the first time, and its antibody was prepared 
for further analysis. The purified recombinant CaM and CaMs from oyster tissues 
including mantle, muscle, and gill were further detected by Western blot analysis 
with rabbit polyclonal antibody of the recombinant protein CaM. Only one visual- 
ized immunoreactive band was detected at 17 kDa (Fig. 2.17), consistent with the 
results of semiquantitative RT-PCR. 


2.3.1.4 Ca’*-Dependent Electrophoretic Shift and Ca Overlay Assay 


Ca**-dependent electrophoretic migration and *°Ca overlay analyses were carried 
out to further confirm the identity of the purified protein and its calcium-binding 
ability, respectively. When the purified recombinant proteins were loaded with the 
sample buffer for further electrophoresis, both running buffer and gels containing 
0.1 mM CaCl, a single band with an approximate molecular mass of 14 kDa was 
detected as Fig. 2.18a showed, whereas, the protein band migrated with another 
protein of 17 kDa when CaCl, was replaced with EDTA (Fig. 2.18b). The mobility 
of calctum-induced electrophoresis was a useful tool to identify CaM [14], and this 
assay successfully confirmed the purified protein was CaM indeed. Besides, the *° 
Ca overlay analysis implied its calcium-binding property later (Fig. 2.19). The 
CaM isolated and purified from vertebrates migrated with an apparent molecular 
mass of 21 and 15 kDa in the absence or presence of calcium, respectively, in 
SDS-PAGE [14]. But we should note that substitutions of amino acid in the 
C-terminal residues of CaM in P. fucata might influence the identity conformation 
slightly and cause a smaller electrophoretic shift than vertebrate CaM. Addition- 
ally, the recognition and interaction of oyster CaM with other target proteins like 
binding calcium, such as calcium pump, CaM-dependent protein kinase, and 
calcium channels, may be different from the vertebrate CaM, on account of the 
presence of calcium-induced conformational change, the detailed mechanism of 
which remains further study [52]. 
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Fig. 2.18 Ca’*-dependent electrophoretic migration of purified recombinant P. fucata CaM 
Purified recombinant oyster CaM (lane 2) was run on a 15% SDS-PAGE in the presence of Ca** (a) 
or EDTA (b). Sample buffer, running buffer, and gels all contained 0.1 mM CaCl, or 0.1 mM 
EDTA. Lane 1, protein molecular mass marker; molecular mass in kDa was shown on the left of 
the gels 


Fig. 2.19 Identification of 
calcium-binding 
characterization of oyster 
CaM on nitrocellulose 
membrane after SDS 
electrophoresis [52] 

A indicated the protein band 
stained by Amido black 
after autoradiography. B was 
an autoradiograph of the 
transferred nitrocellulose 
membrane 
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2.3.2 cDNA Cloning and Characterization of a Novel 
Calmodulin-Like Protein from Pearl Oyster Pinctada 
fucata 


Calcium metabolism in oysters is a very complex and sophisticated physiological 
and biochemical process. However, we know little about the regulation mechanism 
of this pathway in oyster. Our previous research indicated that calmodulin (CaM) 
might play a regulatory role during oyster calcium metabolism. In this study, a full- 
length cDNA encoding a novel calmodulin-like protein (CaLP) with a long 
C-terminal sequence was obtained and identified from pearl oyster Pinctada fucata, 
further expressed and purified in Escherichia coli and characterized in vitro. The 
distribution of CaLP mRNA was ubiquitous in all tested tissues, with its highest 
expression level in mantle, a critical organ controlling calcium secretion. To find out 
the specific expression site, we performed in situ hybridization, the strong signals of 
which were detected in the outer epithelial cells of the middle fold, both inner and 
outer epithelial cells of inner fold, and the dorsal region of mantle. The oyster CaLP 
protein, with four putative Ca**-binding domains, is highly heat-stable and has a 
potential high affinity for calcium binding. CaLP also exhibited strong Ca**-binding 
activity, significant Ca**-induced conformational changes, and typical Ca**-depen- 
dent electrophoretic shift. In addition, Ca**-dependent affinity chromatography 
analysis indicated that CaLP isolated from P. fucata possessed the important inter- 
actions with some different target proteins from those of oyster CaM no matter in the 
gill or mantle. In conclusion, our results indicated that the oyster CaLP was a novel 
member of the CaM superfamily and suggested that the function of oyster CaLP 
protein may be different from CaM during the regulation of oyster calcium 
metabolism. 


2.3.2.1 Cloning of a Full-Length cDNA Encoding a Calmodulin-Like 
Protein from P. fucata 


A 377 bp PCR product called CaLP1 sharing high similarities with oyster CaM was 
cloned from the gill in P. fucata using degenerate oligonucleotides based on the 
conserved regions of CaM sequence. 5’- and 3’-RACE were performed separately to 
obtain the full length of CaLP. Finally, the splicing sequence was confirmed by 
sequencing, the result of which matched perfectly as we predicted before. The 
complete full-length CaLP cDNA consisting of a complete poly (A) tail was 
757 bp, with a 130 bp 5’ untranslated sequence, a 483 bp open reading frame, a 
stop codon named TGA, a 146 bp 3’ untranslated region, and a poly (A) tail of 
18 nucleotides as shown in Fig. 2.20. Then the cDNA sequence was successfully 
submitted to GenBank with the accession no. AY663847. 
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1 CGGGGGATCATCGTCCATACGTCCGTACTAGGTTCCAAAGTTAGAATAATCATCAGGAATGAT 
6d ATTTGTTTACATTTATATGTAGAATTCATTCATCAGGAAGAATACAGACACGGACAGAAACTT 
127 CTAAATGGCGGAAGATCTCACAGAAGAACAAATCGCAGAGTTCCGAGAGGCGTTCOCCACCTCTTT 

M A E D L T EEQ I A E F R E A F H L F 
191 GACAAAGATGGCAGTGGGAGTATATCAGCCGAAGAGCTCGGAACAGTCATGAGATCTCTAGGT 
D K D G S G 5 I 5 A E E L G T V M R 5 L G 
254 CAAAACCCCAATGAACAAGAATTACAAGATCTCGTGGAAGAAATCGACACAGACGGCAATGGA 
0 N P N E O E L Ò D L V E E I D T D G N G 
317 GAGGTTGATTTCAACGAGTTCTTGGCCATGATGGCTAAGAAAATGAAAGACACCGACTCGGAA 
E V D F NEFF L A M M A K K M K OD T D S$ E 
380 GAGGAAATTCGGGAAGCCTTCAGAGTGTTCGATAGGGATGACAAAGGTTTTATTACTGCTTCA 
E E I R E A F R Y F D R D D KR G&G F I T A 5 
443 GAATTAAAACATATAATGACGACACTGGGTGAGAAAATGGACGACGAAGAAGCAGAAGAGATG 
E L K H I MNT T L G E KEM D D E E A E E M 
506 GTAGCGGCTGCAGATATTGATGGAGATGGAGAAATAAATTATGAGGAGTTTGTCAAAATGATT 
vV A A A D I D G D G E I N Y E E F V KK M I 
567 TCAATGAAAGACACCGATCAAGAAGAACAGCAACAAGAAAATAAATGATAATGAATTAGACAA 
S M K D T D Q E E @ @ @ E N A * 
632 ACAAAAATTGGACTTCAAAATTTGGCATCAATGAAGCGATGTATAAACTGTTGTTATATCTTT 
695 TTGTTATCGATAACGTTGTATGTARATAAAAGCTTCATATTTCTTAAAAAAAAAAAAAAAAAA 


Fig. 2.20 Nucleotide and its deduced amino acid sequence of CaLP cDNA in P. fucata 

The possible polyadenylation signal sequence in the 3’ untranslated region was underlined and the 
stop codon was marked with an asterisk and this cDNA sequence has been successfully submitted to 
GenBank with accession no. AY663847 


2.3.2.2 Sequence Analysis of Oyster CaLP Protein 


The deduced CaLP protein in P. fucata consisted of 161 amino acids with a 
calculated molecular mass of approximately 18.3 kDa and a predicted isoelectric 
point of 4.04. Multiple sequence analysis showed that this protein shared 67% 
identity and 87% similarity with the P. fucata CaM protein. CaLP had 93.9% 
similarity with oyster CaM when excluded the extra C-terminal end segment of 
12 amino acids. Both CaM and CaLP possessed only one Tyr residue, and neither of 
them had Trp nor Cys residue. In addition, the predicted secondary structures of both 
proteins (Fig. 2.21a) were also pretty close (helix ~ 57%, beta-sheet ~ 3.7%, and 
coil © 38%). All these results suggested that the oyster CaLP protein was closely 
associated with oyster CaM. Interestingly, a classic structural feature of this novel 
CaLP was noticed: there were 12 extra hydrophilic amino acid residues locating at 
the end of C-terminal (Fig. 2.21b), implying that CaLP may play a special role in Ca 
*+ mediated cellular process. What’s more, CaLP contained four putative Ca- 
binding EF-hand domains (Fig. 2.21b) predicted from the protein family database 
in Sanger Institute (http://www.sanger.ac.uk/Software/Pfam). Among them, the Ca 
** binding residues (X, Y, Z, -Y, -X, -Z) in the 2nd and 4th EF-hand domains 
seemed much more conserved than those in the Ist and 3rd domains if compared 
with oyster CaM. The physiological function and specific identification of different 
substrates may benefit from the structural variations in EF-hand domains. Compar- 
isons of the amino acid composition between the EF-hand domain [118] and 
calcium-binding domain in CaLP exhibited a great correlation of Ca**-binding 
ligand positions. There was one exception on Lys residue in domain 3 at ligand 
position Z, which may lead to a weaker potential of calcium binding in this loop 
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Fig. 2.21 The predicted secondary structures (A) and multiple alignment of the amino acid 
sequence of CaLP and CaM (B) in P. fucata [24] 

CaMPRED and CaLPPRED represented the predicted secondary structures of CaM and CaLP, 
respectively. Green barrels showed the predicted a-helices, yellow arrows indicated the predicted 
6-strands, and black lines marked the predicted random coils. The four Ca**-binding domains were 
boxed; homologous and identical amino acids were showed by dots and stars, respectively. X, Y, Z, 
-Y, -X, and -Z indicated the Ca**-binding ligand residues 


compared that in oyster CaM. The good news was the four acidic residues (Asp and 
Glu) found in domains 2 and 4, an interesting cue for higher calcium-binding 
potential. The region between the 2nd and 3rd EF-hand domains was the most 
conserved region of the flexible central helix in CaLP, contributing to the binding 
properties of CaM to other target proteins [119-121]. Conversely, the least homol- 
ogy region was between the 3rd and 4th calcium-binding sites. In summary, CaLP in 
P. fucata showed several putative phosphorylation sites with higher scores predicted 
by NetPhos 2.0 Server [122], including five serine, three threonine locating on the 
Ist Ca**-binding domain, and one tyrosine residues, which might be phosphorylated 
by myosin light-chain kinase [123] at the same place of oyster CaM. We could 
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Fig. 2.22 Distribution pattern of CaLP mRNA in tissues from P. fucata 

Agarose gel electrophoresis was performed to analyze the RT-PCR products from the muscle (/), 
gonad (2), mantle (3), and gill (4). The PCR product of CaLP (486 bp) was showed by an arrow. 
The 28S rRNA was used as an inner control of equal quantities of total RNA used in this experiment 






conclude that all these residues may affect the interaction activity between CaLP and 
its target proteins. We should also notice that Thr80 and Ser82 in the central o-helix 
of CaM, a crucial region for its interaction with target CaM-dependent proteins, were 
fairly conserved in CaLP. Moreover, Tyr139 standing in the 4th Ca**-binding 
domain that could be phosphorylated by epidermal growth factor, insulin receptor, 
and Src family kinases [124] was also very conserved in oyster CaLP. 


2.3.2.3 Gene Expression Analysis and In Situ Hybridization 


RT-PCR reactions were performed to detect the mRNA distribution of CaLP in 
oyster tissues such as mantle and gonad. We obtained a 486 bp RT-PCR product 
with the specifically designed primers (G1 and G2), total RNA of tested tissues as 
templates. We could see from Fig. 2.22 that the mRNA of CaLP was detected in 
almost every tested tissues, with its highest expression level in mantle, an important 
organ for metal ion metabolism, secretion, and shell formation [113]. Similar data 
were obtained from three independent repeated experiments. 

In situ hybridization was performed to get the precise expression site of CaLP in 
mantle tissue. Strong hybridization signals showed in both middle fold and inner 
fold, especially the outer epithelial cells from the two folds mentioned above 
(Fig. 2.23a). Additionally, the outer epithelial cells were responsible for 
periostracum secretion [125]. Nevertheless, only weaker signals could be detected 
in inner epithelial cells of the outer fold where CaM was highly expressed [52]. We 
also detected strong signals in outer epithelial cells of the dorsal region of the mantle 
(Fig. 2.23b), a place controlling the secretion of nacre [125], and the negative control 
sense probe showed no signal (data not shown). We’ve already known that calcium 
is the main component of shell, also a critical intracellular second messenger. Ninety 
percent of oyster shells is CaCO}, the product of calcium metabolism with a small 
amount of macromolecules. The analysis and observations above also proved that 
CaLP was a modular just like CaM, both of which could regulate the complicated 
and delicate process of calcium metabolism in oyster, including Ca** absorption, 
accumulation, transportation, secretion, and deposition. 
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Fig. 2.23 In situ hybridization of oyster CaLP in mantle of P. fucata 

Three overlapping pictures of the same section were taken to better observe the specific distribution 
of the hybridization signals. Strong hybridization signals were presented by arrow heads in (a). 
Other signals were also shown in the outer epithelial cells of the dorsal region of the mantle (arrow 
heads) in (b). OF outer fold, MF middle fold, /F inner fold. Scale bar, 0.2 mm 


2.3.2.4 Expression and Purification of P. fucata Recombinant CaLP 


For better understanding and characterizing the functions of CaLP during calcium 
metabolism, we expressed CaLP with a His-tag in E.coli and applied nickel metal 
affinity chromatography for the further purification of this recombinant protein. The 
recombinant CaLP protein showed high heat stability as shown in Fig. 2.24. After 
the further purification steps, only a single band with > 95% purity appeared on 15% 
SDS/PAGE stained by Coomassie Brilliant Blue R-250. The relative molecular mass 
of the band was approximately 18 kDa in accordance with the previous predicted 
molecular mass. This recombinant CaLP was still homogeneous on polyacrylamide 
gel electrophoresis with the addition of either Ca** or EGTA as Fig. 2.25 showed. 
Though we have attempted to exclude the His-tag, the strong hydrophilicity of 
12 extra amino acids at C-terminal, which was absent in CaM, counteracted us 
(data not shown). 

Purified recombinant oyster CaLP and CaM were run on a 15% SDS-PAGE in the 
addition of Ca** or EGTA. The sample buffer was added with 2.5 mM CaCl, or 
EGTA. M, protein molecular mass markers. The molecular mass in kDa was 
indicated on the left of the gel 
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Fig. 2.24 Expression and purification of recombinant P. fucata CaLP and heat stability profile of 
CaLP detected by 15% SDS-PAGE and stained by Coomassie Brilliant Blue R-250 

Arrows represented the induced proteins after addition of IPTG. M, protein molecular mass 
markers; lane 1, un-induced whole-cell lysate; lane 2, whole-cell lysate induced by 0.5 mM IPTG 
for 2.5 h; lane 3, un-induced whole-cell lysate heated at 90 °C for 10 min; line 4, whole-cell lysate 
induced by IPTG after heat treatment 90 °C for 10 min; line 5, purified recombinant CaLP by nickel 
affinity chromatography column. The molecular mass in kDa was indicated on the left of the gel 
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2.3.2.5 Ca’*-Dependent Electrophoretic Shift and Calcium-Binding 
Properties of Oyster CaLP 


Calcium-induced electrophoretic mobility is a helpful method in the characterization 
of CaM functions, so it was carried out to confirm whether the oyster CaLP protein 
was a CaM -like protein or not. As we could see from Fig. 2.25, both CaLP and CaM 
showed an apparent calcium-dependent mobility, suggesting their intimate relation- 
ships. Finally, CaM and CaLP showed up as a single band with the apparent 
molecular weight of 14 kDa and 18 kDa, respectively, in the addition of calcium. 
But the absence of Ca** led to a shift stopped at 17 kDa and 25 kDa, respectively 
(Fig. 2.25). The shift in the band with the addition of calcium was not only caused by 
the conformational changes within CaLP but also from the extra positive charges 
during the affinity binding of calcium. Then this binding property was investigated 
by *°Ca overlay assay. As we could see from Fig. 2.26, both CaM and CaLP showed 
a strong ability of calcium binding in vitro, indicating that CaLP may be a novel Ca” 
sensor or a regulator for calcium arrest and temporary just like CaM [24]. 


2.3.2.6 CD Spectroscopy and Fluorescence Assay 


An important method for determining protein secondary structure in solution was 
introduced to our research. CD spectra in the far-UV region (190-250 nm) were 


Fig. 2.26 The binding 
activity of calcium to oyster A B C 
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calculated to analyze the secondary structures of CaLP. The change in secondary 
structures of CaLP and CaM was similar with the addition of Ca** or EGTA as 
Fig. 2.27 showed. Double-negative peaks at 209 nm and 220 nm came out in both 
proteins, along with an increase in a-helix on calcium binding (the value of Aeé 279 
increased 79% and 112% in CaLP and CaM, respectively) after adding 2 mm CaCl. 
These results indicated that Ca** could induce the reorganization and great changes 
in composition of the secondary structure elements within CaLP. Whereas, when 
CaCl, was replaced by EGTA, both proteins seemed to exhibit partial unfolding, and 
the percentage of a-helix of both proteins was decreased at the same time. Figure 2.27 
also implied that CaLP was more unfolded in the Ca**-free status compared with 
oyster CaM as high lightened by a slight blue shift of the peak at 209 nm. 

The conformational changes and calcium binding of CaM and CaLP were further 
analyzed by monitoring intrinsic phenylalanine and tyrosine fluorescence. Intrinsic 
phenylalanine fluorescence spectra (with excitation at 250 nm and emission at 
280 nm) were exhibited in Fig. 2.28 A. The phenylalanine fluorescence emission 
of oyster CaLP and CaM upon calcium binding decreased about 51% and 32%, 
respectively. This fluorescence quenching could be partially originated from the 
energy transfer to the tyrosine residues around. When Ca** was excluded in solution, 
the fluorescence of Phe went down, which might be caused by the unfolded state in 
Ca**-free status. The tyrosine fluorescence emission (with excitation at 277 nm and 
emission at 320 nm) showed an increase to 0.28- and 1.6-fold after the calcium 
binding of CaLP and CaM, respectively, in Fig. 2.28b. The different changes of 
intrinsic phenylalanine and tyrosine fluorescence in CaLP may be caused by the 
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Fig. 2.27 CD spectra of oyster CaLP and CaM with the addition of Ca** or EGTA. The spectra of 
oyster CaLP and CaM were recorded in 20 mM Hepes, 100 mM KCI buffer, pH 7.5 with 2 mM 
CaCl, or EGTA and corrected by a blank buffer just as mentioned above. The concentration of both 
proteins was 10 uM 
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extra C-terminal of CaLP. Unfortunately, we couldn’t just measure Ca?” binding to 
only the C- or N-terminal domain of these two proteins via monitoring intrinsic 
phenylalanine or tyrosine fluorescence by the proposal described by VanScyoc et al. 
[16] on account that the Tyr residue in the 3rd EF-hand domain of rat CaM was 
replaced by Phe at the same place of oyster CaM and CaLP. The Tyr fluorescence 
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Fig. 2.28 Normalized [(f-finin) / Gmax—fmin)] emission fluorescence spectra of oyster CaLP and 
CaM [24] 

The fluorescence of the phenylalanine (a) and tyrosine residues (b) in oyster CaLP and CaM was 
analyzed by an excitation and emission wavelength pair (250/280 nm and 277/320 nm, respec- 
tively). CaM and CaLP were diluted in 20 mM Hepes, 100 mM KCI buffer, pH 7.5 with the addition 
of 5 mM CaCl, or EGTA, and the final concentration of both proteins was 10 uM 


2.3. The Significant Roles Calmodulin and Calmodulin-Like Protein (CLP)... 85 


reflected Ca** could only bind to the 4th EF-hand domain in oyster CaM and CaLP, 
while this happened in 3rd and 4th EF-hand domains in VanScyoc’s case. Due to the 
substitution of Phe, the Phe fluorescence reflected only Ca** binding occurred at the 
Ist, 2nd, and 3rd EF-hand domains in oyster CaM and CaLP, while the Ist and 2nd 
EF-hand domains in VanScyoc et al. 


2.3.2.7 CaLP and CaM Chromatography of Extracts from Oyster 
Mantle and Gills 


Considering the high similarities of CaLP and CaM shared in predicted amino acid 
sequence, it was with great possibility that these proteins would have identical 
potential binding sites or target proteins. Potential CaM- and CaLP-binding proteins 
from the extracts of gill and mantle tissues, two organs directly participating in 
oyster calcium metabolism, were further compared by Ca**-dependent affinity 
chromatography. Figure 2.29 indicated that more proteins, no matter from the mantle 



































Fig. 2.29 Ca**-dependent affinity chromatography of extracts from mantle and gill by CaM and 
CaLP affinity columns 

The extraction from oyster tissues of the mantle and gill was loaded on CaM and CaLP affinity 
columns. After washing with extraction buffer containing 2.5 mM CaCl,, bound proteins were 
eluted with extraction buffer containing 5 mM EGTA. The eluted proteins were then separated by 
12.5% SDS-PAGE and silver stained. M, protein molecular mass markers; lane 1, mantle proteins 
eluted from CaLP affinity column; line 2, mantle proteins eluted from CaM affinity column; line 
3, gill proteins eluted from CaLP affinity column; line 4, gill proteins eluted from CaM affinity 
column. The molecular mass in kDa was indicated on the left of the gel 
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or gill, were retained by CaM affinity column than CaLP. Besides, oyster CaM 
affinity column could react with more target proteins in gill than mantle, which was 
also consistent with previous findings that oyster CaM gene exhibited a higher 
expression level in gill [52]. On the contrary, oyster CaLP could bind more proteins 
in mantle than gill, indicating that CaLP would be quite active in calcium 
metabolism-related processes in the mantle. Few differences were recognized in 
the overall patterns of proteins retained by CaLP column or CaM. In future work, we 
would investigate whether oyster CaLP was able to active CaM-dependent enzymes, 
carry out two-dimensional electrophoresis, and use proteomic strategy to identify 
and characterize the different affinity purified proteins which could interact with 
oyster CaLP and CaM protein in oyster mantle and gill, and this would definitely 
help a lot to clarify the details of oyster CaLP on regulating calcium metabolism. 

Generally speaking, we successfully identified and characterized a full-length 
cDNA coding for a novel CaM-like protein from P. fucata. The oyster CaLP dose 
has a lot in common with CaM, including strong calcium-binding capacity, high heat 
stability, Ca**-dependent electrophoretic shift properties, and Ca**-induced confor- 
mational changes. But the expression pattern of CaLP and CaM was different in 
major tissues, and CaLP could interact with proteins various from those with CaM, 
suggesting its different but still important roles in calctum metabolism. 


2.3.3 Significance of the Extra C-Terminal Tail of CaLP, 
a Novel Calmodulin-Like Protein Involved in Oyster 
Calcium Metabolism 


Oyster (Pinctada fucata) calmodulin-like protein (CaLP), containing an extra hydro- 
philic tail (AS5O0D—161K) at the C-terminal domain, is a new protein engaged in the 
regulation of calcium metabolism in oyster. A truncated mutant, M-CaLP, without 
the extra C-terminus was cloned and expressed in Escherichia coli to study the 
significance of the extra tail to the interactions with targets of CaLP and the Mg*-/ 
Ca**-related conformational changes in CaLP protein. The conformational proper- 
ties of M-CaLP were investigated with fluorescence spectroscopy and CD, the 
results of which were compared with the intact CaLP and CaM. Results from the 
far-UV CD indicated that the extended fragment strongly affected the conforma- 
tional transformations induced by Ca**, but effects on the Mg**-induced changes 
were fairly weaker. However, only mild changes in intrinsic fluorescence spectra of 
tyrosine and phenylalanine between CaLP and M-CaLP were observed when bind- 
ing Ca** or Mg**. On the other hand, these results suggested that the exposure of the 
hydrophobic patches of CaLP could be decreased obviously by the extra tail. 
Furthermore, affinity chromatography indicated that the ability for targets binding 
of CaLP was strongly affected by its additional tail. In conclusion, from all these 
results, it was deduced that the extended tail might act as an important role for the 
interactions of CaLP to its targets in vivo. 
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EF-hand loops 
1 MAEDLTEEQIAEFREAFHLFDKDGSGSISAEELGTVYMRSL 40 





41 GON PNEQELODLVEETDTDGNGEVDFNEF LAMMAKK 76 
77 MKDTDSEEEIREAFRVEDRDDAGFITASELKHIMTTL 113 
114 GEKMDDE EAEEMVAAADI DGDGEINYEEJF VKMISMK 149 


150 DT DQEEQOQOENK 161 


Fig. 2.30 Amino acid sequence of pearl oyster CaLP protein in P. fucata 
The four EF-hand loops were boxed, and the extra hydrophilic tail (1SOD-—161K) compared with 
typical CaM sequence was underlined 


2.3.3.1 Expression and Purification of the Truncated Oyster CaLP 
Mutant 


Different from typical CaM proteins, there was an extra 12-amino-acid-long (150D— 
161K) hydrophilic fragment at the C-terminal of the oyster CaLP (Fig. 2.30), which 
demonstrated that some physiological functions of CaLP might be different from 
those we already knew. In order to figure out the functions of the extended 
C-terminal tail in the Mg**- and Ca**-promoted structure conformation changes of 
CaLP and in the relationship between CaLP and the target proteins, a truncated CaLP 
mutant lacking the extra residues 150D—161K (CaLP(j_149), named M-CaLP) was 
cloned by PCR. The M-CaLP sequence was then cloned into the pET-15b vector 
followed by expression in E. coli. BL21 (DE3). The recombinant M-CaLP protein 
had a proportion about nearly 25% of the total soluble extract separated by 
SDS-PAGE in Fig. 2.31. Only one single band with >95% purity appeared on the 
15% SDS-PAGE in which sample buffer contained 2.5 mM EGTA after staining by 
Coomassie Blue R-250. After purification by phenyl-Sepharose hydrophobic chro- 
matography, the apparent molecular mass was about 20 kDa with no Ca”, 
corresponding to a target protein expression level of 20 mg/L LB culture. We’ve 
tried to express the oyster CaLP without the His¢-tag in our previous researches, but 
the protein just failed to be purified by hydrophobic chromatography, even if we 
increased the salt concentration to promote the ligand-binding capability of CaLP. 
Luckily, in this paper, the truncated CaLP mutant was successfully expressed and 
purified by phenyl-Sepharose hydrophobic chromatography, suggesting that the 
great hydrophilicity of the extended 12 residues at the C-terminal in CaLP may 
dramatically reduce the exposure of the hydrophobic patches of CaLP induced by Ca 
2+ 


2.3.3.2 Ca**-Dependent Electrophoretic Shift 


Ca**-induced electrophoretic shift analysis, a useful technique in characterizing 
CaM, was applied to explore the change of shift pattern induced by Ca’* in the 
truncated CaLP mutant. The results of the Ca**-dependent electrophoretic shift of 
the recombinant CaM, CaLP, and M-CaLP with or with no Ca** were shown in 
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Fig. 2.32. The predicted molecular weights of M-CaLP, CaLP (with His¢-tag) and 
CaM were 16.8 kDa, 19.4 kDa, and 16.8 kDa, respectively. However, after binding 
with Ca**, the oyster CaM, M-CaLP, and CaLP displayed as a single band with an 
apparent molecular weight of about 14 kDa, 18 kDa, and 14 kDa, respectively, while 
if there was no Ca", the apparent molecular weight turned to be 17 kDa, 25 kDa, and 
20 kDa, suggesting that the extended segment of CaLP had an important influence 
on the Ca**-related structure change of CaLP protein. Using Mg” to replace Ca”, 
all proteins would exhibit little mobility change (data not shown). Then it could be 
deduced that the mobility change of the bands were regulated by the Ca**-induced 
conformation shifts in these three proteins, as well as the extra positive charges 
provided by Ca** binding. 


2.3.3.3 Circular Dichroism Spectroscopy 


It has been reported that CaM often gets significant conformational shifts after 
binding Ca** or Mg**, followed by binding to its target proteins and regulating 
their activities [127-130]. As a result, far-ultraviolet circular dichroism (far-UV CD) 
spectroscopy was conducted to test the Ca**-/Mg**-induced M-CaLP conforma- 
tional shifts, which was then compared with those of CaM and CaLP. In the far-UV 
CD spectra (Fig. 2.33a—c), there was a similar change in the secondary structure of 
CaM (Fig. 2.33a), CaLP (Fig. 2.33b), and M-CaLP (Fig. 2.33c) with the existence of 
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Fig. 2.32 Ca**-dependent electrophoretic migration of the purified recombinant CaM, CaLP, and 
M-CaLP in P. fucata [126] 

The purified recombinant oyster M-CaLP, CaLP, and CaM were run on a 15% SDS-PAGE with the 
addition of Ca** or EGTA. The sample buffer was added with 2.5 mM CaCl, or EGTA. M, protein 
molecular mass markers; line 1, M-CaLP; line 2, CaLP; line 3, CaM. The molecular mass in kDa 
was indicated on the left of the gel 


EDTA, Ca**, or Mg**. When 5 mM MgCl, or 2 mM CaCl, was supplied, double- 
negative peaks at 220 nm and 209 nm appeared in all proteins, while the a-helical 
contents increase as the value of Aé 29 raised about 53%, 79%, and 112% in 
M-CaLP, CaLP, and CaM, respectively. While when binding Mg”, the A€220 
increases, respectively, about 24%, 28%, and 97% in M-CaLP, CaLP, and CaM. 
Results above indicated that both Mg** and Ca** would promote obviously confor- 
mational shifts in which the content of the secondary structures would change within 
these proteins, with the effect induced by Ca** being stronger than that of Mg**. Our 
data also indicated that the effect of the extended segment of CaLP on the Ca’*- 
induced conformational shifts in the secondary structure was fairly stronger than that 
of Mg**. However, all proteins appeared to be partial unfolded because the a-helical 
compositions decreased when CaCl, was replaced by EDTA. As shown in 
Fig. 2.33d, there were only inconspicuous differences in the conformational changes 
of CaM between Mg** and Ca** binding. However, a large difference appeared in 
the magnitudes of the Ca**-/Mg**-induced conformational changes either in 
M-CaLP or CaLP, or as for M-CaLP, the differences in Ca**-/Mg**-induced con- 
formational changes were weaker than that of CaLP. It could be demonstrated that 
the existence of the extended tail of CaLP might cause this phenomenon. 
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Fig. 2.33 Ca**-/Mg”*-induced conformational changes of the oyster 

CaM (a), CaLP (b), and M-CaLP (c) with the addition of Ca**, Mg?*, or EDTA measured by 
far-UV CD spectroscopy. d represented the difference far-UV CD spectra of the oyster CaM, CaLP, 
and M-CaLP after binding Ca** and Mg”*. The difference CD curves of the oyster CaM, CaLP, and 
M-CaLP were generated by subtracting the spectroscopy in Mg”*-binding state from that of Ca?*- 
binding state, respectively. The spectra were recorded in 20 mM Hepes, 100 mM KCI buffer, pH 
7.5, with the addition of 2 mM CaCl, (line a), 5 mM MgCl, (line b), or 2 mM EDTA (line c), and 
corrected by a blank buffer containing 20 mM Hepes buffer, 100 mM KCI, pH 7.5. The final 
concentration of each protein was 10 uM 


2.3.3.4 Intrinsic Phenylalanine and Tyrosine Fluorescence Assay 


Intrinsic tyrosine and phenylalanine fluorescence was performed to monitor the Ca** 
and Mg** binding and further investigate their effects on the conformational shifts of 
the CaM, CaLP, and M-CaLP. Intrinsic phenylalanine fluorescence spectra 
contained an excitation at 250 nm and an emission at 280 nm, as displayed in 
Fig. 2.34a—c. After binding Ca**, the phenylalanine fluorescence emission reduced 
nearly to 32%, 51%, and 52% for CaM (Fig. 2.34a), CaLP (Fig. 2.34b), and M-CaLP 
(Fig. 2.34c), respectively. Replacing Ca** with Mg** would lead to a decrease of the 
emission of phenylalanine fluorescence of M-CaLP, CaLP, and CaM to about 9.6%, 
6.6%, and 8.2%, respectively. It was suggested that both Mg** and Ca** could 
facilitate the phenylalanine fluorescence quenching in all these proteins. Simulta- 
neously, it could also be concluded that the extra fragment in CaLP could mildly 
affect the phenylalanine fluorescence quenching induced by Mg** in CaLP protein in 
which the fluorescence quenching might be caused by energy shift to the tyrosine 
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Fig. 2.34 Normalized [(ffinrin)/(finaxfmin)| emission fluorescence spectra of the oyster M-CaLP, 
CaLP, and CaM 

The fluorescence of the phenylalanine (a—c) and tyrosine residues (d—f) in the oyster CaM (a and d), 
CaLP (b and e), and M-CaLP (c and f) was analyzed by an excitation and emission wavelength pair 
(250/280 nm and 277/320 nm, respectively). M-CaLP, CaM, and CaLP were diluted in 20 mM 
Hepes, 100 mM KCI buffer, pH 7.5, with the addition of 2 mM CaCl, 5 mM MgCl, or 2 mM 
EDTA, and the final concentration of each protein was 10 uM 


residue around [16]. The fact that M-CaLP and CaLP were relatively more unfolded 
than CaM without Ca** may induce the high Phe fluorescence of CaLP and M-CaLP 
in the absence of Ca**. Figure 2.34d-f showed the tyrosine fluorescence emission 
(excitation at 277 nm and emission at 320 nm) for CaM (Fig. 2.34d), CaLP 
(Fig. 2.34e), and M-CaLP (Fig. 2.34f). The tyrosine fluorescence emission for 
M-CaLP, CaLP, and CaM increases about 0.26-fold, 0.28-fold, and 1.6-fold, respec- 
tively, after binding Ca’*, while as for M-CaLP, CaLP, and CaM, it increases about 


92 2 Identification and Characterization of Biomineralization-Related Genes 


0.14-fold, 0.13-fold, and 0.48-fold, respectively. The results above demonstrated 
that the extended tail had little effects on the Ca**-/Mg*-promoted change of the 
intrinsic fluorescence of CaLP. However, it couldn’t be denied that the extra segment 
might affect the interactions of the C/CN domains and conformational changes in 
CaLP. Several previous researches have explored the Mg**-/Ca**-induced confor- 
mational shifts in CaM [131-137]. However, there was still some controversy about 
the Ca**-/Mg**-binding sites of CaM [138]. Several studies suggested that Ca** and 
Mg** occupied and competed at the same binding site in CaM [132, 133, 135, 136, 
139, 140] and there might exist auxiliary sites for binding Ca** besides the four Ca** 
critical sites important for binding enzyme [134, 141, 142]. On the contrary, it had 
been demonstrated from the electrospray ionization mass spectrometry analysis that 
Mg** did not occupy the sites for Ca** in CaM [143]. Therefore it was quite 
necessary to figure out whether the extra tail of CaLP functioned as a possible 
auxiliary binding site for Mg?*/Ca** or not and explore whether Mg** did have 
some effects on the Ca**-dependent activity of CaLP. 


2.3.3.5 8-Anilino-1-Naphthalenesulfonate (ANS) Fluorescence 
Measurements 


ANS, widely used as an external fluorescent detector with a rather low quantum 
yield in water, however, turns to be quite fluorescent in nonpolar solvent, which 
makes it a general method to test the surface hydrophobicity of proteins 
[144]. Figure 2.35 showed the fluorescence emission of ANS for M-CaLP, CaLP, 
and CaM with the existence of EGTA or Ca**. In these proteins, the hydrophobic 
patches exposure to the polar solvent environment could be upregulated by Ca”, yet 
there was little effect for Mg** on the exposure of hydrophobic patches (data not 
shown). Table 2.4 concluded the recorded changes in maximum wavelength of 
emission (Amax) and fluorescence intensity. As for CaM, there is an obvious 
increase in intensity of the ANS fluorescence (about 16.5-fold) but a little reduction 
of Amax (12 nm) with the existence of Ca**. The M-CaLP and CaLP, however, 
appeared to possess a little increased intensity (8.7-fold, 4.8-fold, respectively) but a 
great reduction of Amax (~30 nm, ~29 nm respectively) when binding Ca**. CaM 
usually underwent a structure change to a separated “open” conformation in Ca**- 
saturated condition, from a four-helix bundle-like “closed” structure in Ca7*-free 
condition [145]. The conformational shift resulted from the exposure of the hydro- 
phobic patches induced by Ca** in CaM was the important original event in the 
interaction between CaM and its targets [146, 147]. Our data above indicated that the 
extra fragment led to the reduction of the energetically unfavorable exposure of a 
huge nonpolar surface of CaLP; on the contrary, the deletion of the extended 
fragment could obviously rise the exposure degree of the hydrophobic patches in 
CaLP. As a result, the interactions between CaLP and its target proteins and the 
stability of CaLP might be under regulation by this extra fragment. The functions of 
the extra fragment in the stability of CaLP still remain under investigation at present. 
Since a high similarity (93.9%) existed between the oyster CaM and M-CaLP, the 
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Fig. 2.35 Conformational changes of the oyster M-CaLP, CaLP, and CaM measured by ANS 
binding with the addition of Ca** or EGTA 

Fluorescence emission spectra were monitored with excitation wavelength set at 370 nm for ANS, 
and all measurements were performed using 10 uM each protein, ANS at a final concentration of 
50 uM, and 20 mM Hepes, 100 mM KCI buffer, pH 7.5, in the presence of 2 mM CaCl, or EGTA at 
25 °C 


Table 2.4 Fluorescence 


. Protein Tmax(+Ca** WImax(—Car*) 
spectral changes of ANS in 
CaM 16.5 
the presence or absence of Ca 
De CaLP 4.8 
M-CaLP 8.7 





AÀ max indicated the difference of maximum fluorescence emis- 
sion of ANS in the addition and absence of Ca**. Imax (+Ca7* Imax 
(-Ca**) implied the ratio of the maximum fluorescence intensity 
of ANS in the presence of Ca’* to that of in the absence of Ca”* 


ANS fluorescence with Ca** became stronger in CaM than that in M-CaLP, 
suggesting the formation of a relatively more exposed hydrophobic surface of 
CaM. The mechanism of these changes were still not clear enough, which, however, 
could be deduced to be the result of the sequence changes of EF-hand domains 
between M-CaLP and CaM [126]. 


2.3.3.6 CaLP and M-CaLP Chromatography of Extracts from Oyster 
Mantle and Gills 


CaM has been found as a calcium-binding protein with high conservation in all 
eukaryotic cells. The conservation of CaM sequence seems to result from the sum of 
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requirements dictated by a wide spectrum of CaM-related proteins rather than the 
strict structural requirements essential for activating any one protein [148]. The 
existence of the extra tail in CaLP might have important influences on the variety 
of proteins/enzymes that function as targets of CaLP. M-CaLP-binding or CaLP- 
binding candidate proteins in the extracts of the oyster mantle or gill issues, two 
tissues that are thought to directly participate in the calcium metabolism, were 
investigated by Ca**-dependent affinity to further study the effects of the extra tail 
on target interactions of CaLP. It was demonstrated in Fig. 2.36 that proteins from 
the mantle were retained by CaLP affinity chromatography more easily than by 
M-CaLP. On the contrary, in the gills the binding activity of M-CaLP seemed more 
obvious than that of CaLP. There were few main difference bands in overall patterns 
of proteins held by CaLP affinity chromatography column compared with those 


3 4 





Fig. 2.36 Ca’*-dependent affinity chromatography of extracts from the oyster tissues of mantle and 
gill by M-CaLP and CaLP affinity columns 

The extracts from the oyster tissues of mantle and gill were loaded on CaLP and M-CaLP affinity 
columns. After washing with abundant extraction buffer containing 2.5 mM CaCl, the bound 
proteins were eluted with extraction buffer containing 5 mM EGTA. The eluted proteins were 
separated by 12.5% SDS-PAGE and silver stained. M, protein molecular mass markers; lane 
1, mantle proteins eluted from CaLP affinity column; line 2, mantle proteins eluted from M-CaLP 
affinity column; line 3, gill proteins eluted from CaLP affinity column; line 4, gill proteins eluted 
from M-CaLP affinity column. The molecular mass in kDa was shown on the left of the gel. Arrows 
represented the major difference proteins retained by M-CaLP affinity column compared with the 
proteins eluted from CaLP affinity column in gills and mantle 
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obtained from M-CaLP affinity chromatography column from the gill or mantle. 
However, there were still some slight difference bands retained by CaLP affinity 
chromatography column compared with those from M-CaLP affinity chromatogra- 
phy column in mantle. The data suggested that the extended part at C-terminal would 
greatly activate the target selectivity of the wild CaLP protein. It had a 50% identity 
with the 12 amino acid residues from 77 M to 90 K, locating within the central 
helical area of CaM, even though the extended segment of CaLP had no homolog 
within any other database. Since the flexible central helix (AA residues 65—92) 
connecting the two domains of CaM plays crucial roles in the characteristics of CaM 
for binding different target proteins [149], 1t could be assumed that the existence of 
the extra segment may act as a predicted repeat sequence derived partially from the 
central helical part of CaM inducing the increased target selectivity of CaLP in vivo. 

Considering that the high level of amino acid sequence similarity truly existed 
between M-CaM and CaLP, it could be speculated that these two proteins might 
have a lot of similar target proteins. However, it seemed that more proteins might 
have interactions with CaM in gill compared with that of M-CaLP (data not shown), 
which suggested that the exact structure or conformation of CaM might be different 
from that of M-CaLP. Furthermore, since a lot of major channel proteins and 
enzymes like sarcoplasmic reticulum Ca** release channel [150], adenylyl cyclase 
[151] and inducible nitric oxide [152], were all under regulation by CaM in Ca’*-free 
condition, it would be difficult to explore these targets that could interact with 
M-CaLP or CaLP by Ca**-dependent affinity chromatography. 

As a rather complicated and highly regulated biochemical and physiological 
process, the calcium metabolism in oyster relied mainly on existence of various 
regulatory proteins in same or different tissues. CaLP and CaM in mantle and gill 
might contribute a great and efficient regulatory function to the complicated process. 
Furthermore, the extended tail of CaLP might have great effects on target protein 
interactions and protein stability of CaLP. Finally, the role of CaLP in regulating the 
oyster calcium metabolism-related proteins/enzymes, for example, CaM-dependent 
protein kinases, calcium channel, or pump, could also be regulated by the extra 
region. Further investigation of functions of the extended area in stabilizing and 
regulating roles of CaLP, and additional identification of the exact target proteins 
which have interactions with M-CaLP or CaLP in the mantle or gill, would be 
performed to figure out the specific mechanism of the function—structure connections 
and the regulation functions of this new protein during the calcium metabolism 
process and Ca** signaling pathway in oyster. 

In conclusion, these results demonstrated that the extended C-terminal tail 
(150D-161K) of CaLP could significantly regulate the conformational shifts 
induced by Mg**/Ca** in the composition of the secondary structures of CaLP and 
greatly reduce the exposure degree of hydrophobic patches in intact CaLP protein. 
Therefore, the extra tail would obviously affect the interactions between CaLP and 
the proteins targets. All results demonstrated that the extra tail act as a critical role in 
the interactions between CaLP and its target proteins in vivo. 
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2.3.4 Localization of Calmodulin and Calmodulin-Like 
Protein and Their Functions in Biomineralization 
in P. fucata [49] 


Calmodulin (CaM) and calmodulin-like protein (CaLP) are two important proteins 
engaged in biomineralization. Their localizations in Pinctada fucata mantle epithelia 
were thoroughly studied by immunogold electron microscopy and Western blot 
(WB) analysis of the nuclear/cytosol fraction of primary cultured P. fucata mantle 
cells in detail. The results revealed a completely distinct distribution of these two 
proteins from the subcellular level. CaM was distributed throughout both the 
cytoplasm and nucleus of the mantle epithelium cells, but CaLP was only detected 
in the cytoplasm. The functions of these two proteins in biomineralization were 
further analyzed by shell regeneration assay. The mRNA relative expression level of 
CaM and CaLP were highly increased in different organelles of the mantle epithe- 
lium during this process. What’s more, overexpression of these two proteins and a 
mutant of calmodulin-like protein (M-CaLP), the one lacked an extra C-terminal tail 
in MC3T3-E1 cells, facilitated the expression of osteopontin, which was a typical 
biomineralization marker for osteoblasts. All of the results implied that the distribu- 
tion pattern of CaM and CaLP are totally different in mantle epithelium and they 
could affect the biomineralization process from different levels. The extra C-terminal 
tail of CaLP is of great importance for its functions during biomineralization in 
P. fucata. 


2.3.4.1 Distribution of CaM and CaLP in Primary Cultured Mantle Cell 


Forty-eight hours after initiation of the mantle cell cultures, typical fibroblast-like 
cells and epithelial-like cells were observed to migrate from the explant (Fig. 2.37a). 
On the 7th day after initiation of mantle cell culture, the epithelial-like cells formed a 
monolayer on the poly-L-lysine-coated dishes (Fig. 2.37b). 

To avoid the cross-reaction between CaM and CaLP antibodies and the proteins, 
the purified antibodies of CaM and CaLP were tested by Western blot analysis. The 
negative cross-reaction results indicated that the two antibodies were specific for CaM 
and CaLP, respectively (data not shown). Western blot on the extracts of cultured cells 
showed that CaM was distributed throughout the nucleus and cytoplasm of the mantle 
epithelium but CaLP was distributed only in the cytoplasm (Fig. 2.38). Immunogold 
electron microscopy confirmed this distribution pattern (Fig. 2.39). 


2.3.4.2 Expression of CaM and CaLP During Shell Regeneration 
Western blot analysis indicated that, compared with the mantle before the notching, 


the expressions of CaM and CaLP were activated and reached the highest level on 
the 3rd and 4th days (Fig. 2.40a). Moreover, results of the expression analysis by 
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Fig. 2.38 Western blot analysis of CaM and CaLP in nuclear/cytosol extraction from primary 
cultured mantle epithelia 

Total lysates of mantle cell and fractions of nucleus/cytoplasm were separated by SDS/PAGE, 
immunoblotted, and revealed with anti-CaM or anti-CaLP antibody 


RT-PCR at mRNA level were almost the same as what we obtained by Western blot, 
only that the highest level was reached on the 2nd and 3rd days (Fig. 2.40b). 
Localization of CaM and CaLP by immunogold electron microscopy demonstrated 
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Fig. 2.39 Subcellular localization of CaM (a and b) and CaLP (c and d) in epithelium of mantle by 
immunogold [49] 

(a) CaM in nucleus (N), secretory vesicles (SV), and endoplasmic reticulum (ER) indicated by 
arrows; (b) CaM in mitochondria (m); (c) no CaLP in nucleus and the existence of CaLP in 
cytoplasm (arrows); (d) CaLP in secretory vesicles (SV) indicated by an arrow 


that during the shell regeneration, the CaM existed mainly in the nucleus, mitochon- 
dria, and ER, while CaLP existed mainly in the secretory vesicles (Fig. 2.41). 


2.3.4.3 Biological Functions of CaM, CaLP, and M-CaLP 
in Transfected MC3T3-E1 Cells 


CaM, CaLP, and M-CaLP Promote Proliferation of MC3T3-E1 Cells 


We examined the cell proliferation-promoting effects of CaM, CaLP, and M-CaLP 
in transfected MC3T3-E]1 cells. Cell proliferation was analyzed by MTT assay. As 
shown in Fig. 2.42, transfections of CaM, CaLP, or M-CaLP, particularly CaM, 
significantly promoted cell proliferation when compared with cells transfected with 
the empty vector. Furthermore, the proliferation-promoting effect of M-CaLP was 
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Fig. 2.40 CaM and CaLP expressions during shell regeneration 

(a) Total mantle lysates of mantle tissue were separated by SDS/PAGE, immunoblotted, and 
revealed with anti-CaM/CaLP antibody. The curves on the right demonstrate that the protein 
expression level of CaM and CaLP peaked on the 3rd and 4th days, respectively. (b) Relative 
mRNA expression levels of CaM and CaLP detected by RT-PCR for 7 days. The curves demon- 
strate that the mRNA expression level of CaM and CaLP peaked on the 2nd and 3rd days, 
respectively 


more significant than that of wild-type CaLP. These results indicated that CaM plays 
a more significant role than CaLP in MC3T3-E1 proliferation. 


ALP Activity in Transfected MC3T3-E1 Cells 


Alkaline phosphatase is thought to be important to biomineralization [153, 154] and 
often acts as a phenotypic marker for the osteoblast. Previous studies suggested that 
many cytokines induced MC3T3-E1 cells to develop into osteoblast-like cells 
in vitro and expressed alkaline phosphatase [155]. Our results showed that 
MC3T3-E1 cells transiently transfected by CaLP experienced a significant increase 
in ALP activity, but the MC3T3-E1 cells transfected by CaM and M-CaLP did not 
exhibit that significant increase when compared with those transfected by CaLP 
(Fig. 2.43). This difference suggested that CaLP plays a significant role in cell 
differentiation. 


Expression of Osteopontin (OP) in Transfected MC3T3-E1 Cells 


As shown by RT-PCR analysis (Fig. 2.44), CaM and CaLP transfected cells 
(especially CaLP) showed higher mRNA levels of OP than empty vector transfected 
cells. But the M-CaLP, which lacks the C-terminal, obviously exhibited much lower 
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Fig. 2.41 Subcellular localization of CaM (a, b, and c) and CaLP (d) in epithelium of mantle during 
shell regeneration induction. 

(a) Expression of CaM (arrows) increased obviously in nucleus (N); (b and c) expression of CaM 
(arrows) increased obviously in endoplasmic reticulum (ER) and mitochondria (m); (d) expression 
of CaLP (arrow) increased obviously in secretory vesicles (SV) 
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OP mRNA level compared with wild-type CaLP. These data indicated that 
expression of CaLP stimulated the expression of the bone matrix protein OP in 
MC3T3-E1 cells. 

Previous research on calmodulin indicated that it directly affects osteoblast 
differentiation by mediating the Ca** signal to a multitude of different enzyme 
systems [156-161]. Localization of calmodulin has been investigated in a broad 
range of different tissues and cultured cells, and it is closely related with tissue types, 


2.3. The Significant Roles Calmodulin and Calmodulin-Like Protein (CLP)... 101 


Fig. 2.43 ALP activity in 
MC3T3-E1 cells transfected 
with CaM, CaLP, and 
M-CaLP 

ALP activity was highest in 
the CaLP experimental 
group, *p < 0.01 


— 
S 
= 





2 


aa 






a 
= 





ALP activity (nmol pNPP/min/mg pro) 
= 


Control CaM Control CaLP Control M-CaLP 


Control CaM CaLP M-CaLP 





Fig. 2.44 RT-PCR for OP which is the biomineralization-related gene after the transient transfec- 
tion of CaM, CaLP, and M-CaLP in MC3T3-E1 cells 

Compared with the control, which was transfected with vectors, the CaM and CaLP transfected cells 
showed higher levels of OP mRNA, especially the CaLP transfected cells. But the effect of M-CaLP 
obviously lost the stimulating functions compared with CaLP 


physiological processes, and developmental stages. For example, in the epidermis of 
the Salmo trutta, the calmodulin is localized in the superficial epithelial cells, 
indicating that it might have physiological significance in the activation of the 
microvillar skeleton and play an important role in controlling the permeability of 
the skin epithelium [162]. In mammalian tissues such as rat’s liver and cortex, 
calmodulin is localized in the cytoplasm and nucleus where it plays an important 
role in the nuclear process and glycogen metabolism [163]. In mitotic cells, it is in 
the mitotic spindle and is excluded from the nucleus in interphase cells, but there is 
no specific enrichment in the cytoplasm [164]. The localization of calmodulin in 
spindle pole body of Schizosaccharomyces pombe indicated that it plays an essential 
role in chromosome segregation [165]. 

Preliminary studies of physiological process of shell regeneration showed that 
6 days were required for a thin sheet of mineralized tissue to cover the shell notch 
[166] and initial mineral deposition occurred about 24—48 h after the creation of the 
notch in the marine snail, Tegula. In the present study, RT-PCR analysis of CaM and 
CaLP confirmed the time course of the shell regeneration in P. fucata. Localization 
of CaM in the intact mantle and its obvious increase in the nucleus, mitochondria, 
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and endoplasmic reticulum (ER) after the shell regeneration indicated that CaM 
actively takes part in the shell regeneration. The transient transfection of CaM in 
MC3T3-E]I cells clearly confirmed its functions in cell proliferation. 

Biomineralization systems such as coral, tooth, eggshell, and shell of mollusk 
revealed that a number of small, round secretory bodies were responsible for the 
biomineralization process [167]. Coral calicoblast cells contain membrane bound 
vesicles with homogeneously fine granular contents, and these secretory vesicles 
may be the sites of organic matrix synthesis [168]. There are many secretory vesicles 
present in the newly deposited predentin matrix in teeth and inside the eggshell 
mantle [169, 170]. We found an obviously discrepant localization of CaLP from the 
CaM, especially the enrichment of CaLP in secretory vesicles after the shell regen- 
eration, which indicated the important effects of CaLP in biomineralization, though 
the precise mechanism of it needs to be unveiled [49]. 

Several biomineralization markers for bone cell differentiation and mineralization 
have been identified such as osteopontin (OP), osteonectin (ON), and octeocalcin 
(OC). OP, a highly acidic phosphoprotein, is synthesized and secreted by osteo- 
blasts. OP has been demonstrated as a multifunctional protein that can trigger signal 
transduction processes in osteoclasts [171] and regulate fibroblast cell attachment 
and the calcification of extracellular matrix [172]. OP production is frequently 
augmented when cell signaling pathways are activated by a variety of Ca**-mediated 
or Ca**-dependent stimuli [173]. In this study, mRNA expression of OP gene was 
significantly enhanced in the MC3T3-E]1 cells transfected with wild-type CaLP, and 
it was very interesting to note that M-CaLP with its C-terminal truncated lost the 
differentiation- and mineralization-promoting functions by ALP and RT-PCR 
analysis, suggesting the C-terminal of M-CaLP is a crucial functional domain of 
the protein. 

Our previous research showed that Ca**/Mg** could induce conformational 
changes of CaM, CaLP, and M-CaLP, which are more obvious in CaLP and 
M-CaLP than CaM, and the changes in M-CaLP are smaller than those in CaLP. 
Although the extra tail in CaLP shares no homolog with any other domains, it shows 
50% identity with a 12 amino acid sequence located in the central helical region of 
CaM. Since the flexible central helix contributes greatly to the functional character- 
istics of CaM binding to various target proteins [149], we assume that the existence 
of this extra tail may represent a repeated domain derived from a part of central 
helical region of CaM, and this extra region may increase target selectivity of CaLP 
in vivo by binding and activating completely different target enzymes/proteins from 
CaM [174]. 

Taken together, our data indicate that CaM and CaLP in P. fucata are both 
involved in cell proliferation and differentiation. But the different subcellular local- 
ization of these two proteins and function of CaLP in differentiation and biominer- 
alization seem to be closely related with the extra 12 amino acid C-terminal tail of 
CaLP through interactions with target proteins. 
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2.3.5 Significance of the C-Terminal Globular Domain 
and the Extra Tail of the Calmodulin-Like Protein 
(Pinctada fucata) in Subcellular Localization 
and Protein—Protein Interaction 


Calmodulin (CaM) was reported to play very significant roles in many physiological 
processes and shared high conservative properties in different species. In an early 
research, we successfully obtained the full cDNA length of CaM gene and a new 
calmodulin-like protein (CaLP) with an extra C-terminal domain from Pinctada 
fucata, and then it was expressed in Escherichia coli. In this paper, fluorescence 
confocal microscopy was applied to investigate the protein—protein interaction 
between CaM/CaLP and p21"? ' derived from mammalian cells, to reveal the 
different properties of the two proteins in vivo. It was showed that both the 
C-terminal globular domain and the extra tail of CaLP were quite critical in its 
cytoplasmic sequestration. The most attractive phenomenon was that the 
translocating of CaLP from the cytoplasm to nucleus could be promoted by trans- 
fection of p21°P 1! which was not the case for CaM. However, in 
co-immunoprecipitation on different mutants of CaLP with p21“'?’ and fluorescence 
confocal microscopy experiments, it was showed that the C-terminal globular 
domain of CaLP was responsible for CaLP’s transportation to nucleus from 
cytoplasm. 


2.3.5.1 C-Terminal of CaLP Ensures the Sequestration of Protein 
in the Cytoplasm 


To obtain insight into the biological difference between CaLP and CaM, it was quite 
necessary to explore their subcellular localization. Fluorescence imaging of 
GFP-CaLP and GFP-CaM in HEK293T cells showed that CaM distributed homo- 
geneously within cells, while CaLP primarily located in cytoplasm (Fig. 2.45), 
suggesting that CaM and CaLP might play different roles in cells. In our previous 
research of CaM and CaLP cloned from P. fucata, CaLP had 87% similarity and 
67% identity with CaM. However, the gene expression assays by ISH, Ca**-depen- 
dent affinity chromatography by affinity columns and CD spectroscopy in Ca**-/Mg 
°* related conformational changes told the differences between the two proteins 
in vitro [174]. It was not surprise to find the ubiquitous distribution of CaM-WT 
due to the high conservation and extensive appearance of CaM localization in many 
other species. What attracted us most was the cytoplasmic distribution of CaLP-WT. 
To confirm the domain which was responsible for the localization of CaLP, different 
mutants were established to investigate the domain accounting for the cytoplasm 
sequestration. The CaLP-A 150-161 deletion mutant, truncated in the tail, failed to 
rest in the cytoplasm. To ensure the influences of the molecular weight of the extra 
tail in CaLP-WT on transportation of CaLP-WT into nucleus through the nuclear 
pore complexes (NPCs), a CaM + tail mutation, with an extra tail of CaLP added to 
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Fig. 2.45 Subcellular localization of p21°P! with CaM, CaLP, and their mutants [126]. 

(a, d, e) Subcellular localization of CaM, CaM + tail, and CaLP-A 79-161 was not influenced by 
co-transfection with p215! (b, c, f) CaLP-WT, CaLP-A 150-161, and CaLP-A 1-78 were 
stimulated by p21®™! to translocate from the cytoplasm to nucleus. Scale bar: 10 mm 
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Fig. 2.46 Localization of CaM, CaLP and the mutants in cytoplasm and nuclear cell fractions in 
293T cells 

Proteins within various fractions of 293T cells were investigated by SDS-PAGE and immunoblot- 
ting. Upper lane: cytoplasm fractions for fusion proteins. Middle lane: nucleus fractions for fusion 
proteins. Lower lane: total expression of exogenous GFP protein. The antibody for GFP was used 
for the Western immunoblots, and what the figure shown was representative for three experiments 


the C-terminal of CaM, was built and the distribution of CaM + tail resembled that of 
CaM. Early NMR researches showed that a flexible central nonhelical domain 
182 linked the two globular domains of CaM. So in this study, the CaM 
(P. fucata) was separated into two parts from 79th amino acid which has been 
reported in research of [kura et al. [175]. The CaLP-A 1-78 mutant, which still 
had the C-terminal globular domain and the extra tail, had a truncated N-terminal 
globular domain of CaLP-WT and located in the cytoplasm; however, the CaLP-A 
79-161 mutant which had a truncated C-terminal extra tail of CaLP-WT and globular 
domain was found to locate throughout nucleus and cytoplasm. From the experi- 
ments of immunoprecipitation of cytoplasmic and nuclear fractions from the wild 
type and these mutants, it was further proved the C-terminal globular domain in 
CaLP plus the extra tail did have significance in protein localization (Fig. 2.46). The 
results of the fluorescence confocal microscopy suggested that the extra tail and the 
C-terminal globular domain determined the sequestration of CaLP in cytoplasm. 


2.3.5.2 Overexpression of p21“P! Stimulates CaLP Translocation from 

Cytoplasm to Nucleus 
It has been reported that p21“'”’ could directly bind to CaM in mammalian cells 
[176-178]. To verify whether the CaM-WT in P. fucata also had the ability to bind 
to p21“'?’, subcellular co-localization after overexpression of p21“'?’ with CaM in 
HEK 293T was tested by co-immunoprecipitation and fluorescence confocal 
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microscopy. It was showed that the wild-type CaM in P. fucata bound to p21’ 
in vivo. After being co-transfected with p21“'?’, it was amazing to observe that 
CaLP could translocate to nucleus from the cytoplasm and co-localize with p21“?! 
(Fig. 2.47). Different pEGFP link-coupled mutants stated above were co-transfected 


Fig. 2.47 Subcellular 
localization of p21’?! with 
CaM, CaLP, and their 
mutants 

(a, d, e) Subcellular 
localization of CaM, CaM + 
tail, and CaLP-A 79-161 
was not affected by 
co-transfection with p2 
(b, c, f) CaLP-WT, CaLP-A 
150-161, and CaLP-A 1-78 
were stimulated by p21“?! 
to translocate from the 
cytoplasm to the nucleus. 
Scale bar: 10 mm 
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with p21”! to further investigate which domains in CaLP were essential for 
translocation. As shown in Fig. 2.47, when co-transfected with p21“'?', (GFP)- 
CaLP-A 150-161 translocated into the nucleus and co-localized with p21’, 
which was identical to that of CaLP-A 1-78. However, when co-transfected with 
CaLP-A 79-161, which lacked the C-terminal globular domain, the recombinant 
protein lost its property to locate in the nucleus with disability to co-localize with 
p21°?'. CaM + tail built by adding a tail of CaLP (aa 150-161) to the C-terminal of 
CaM stayed throughout all the nucleus and cytoplasm, without any effects that the 
transfection of p21“'?’ had on its translocation. 

Co-immunoprecipitation was applied to test the interaction between the domains 
of CaLP and p21“?!. CaLP-WT, CaM-WT, CaLP-A 1-78, and CaLP-A 150-161 
were all found to be co-immunoprecipitated with p21“?', while CaLP-A 79-161 
couldn’t in vivo in Fig. 2.48. It was fairly interesting to observe that though 
CaM-WT could be co-immunoprecipitated with p21'?’, the interaction with p21 
“P! still failed after adding a tail of CaLP to CaM. Therefore, we proposed that the 
tail of CaLP might have some interaction with CaM which affected its interaction 
with p21, while more evidences were required. 

It has been proved that calmodulin (CaM) could upregulate the Ras/Raf/MEK/ 
ERK pathway [179]. As a result, we analyzed the phosphorylation degree of ERK 1/2 
in 293T cells after co-transfection with (GFP)-CaM-WT, CaLP-WT, CaLP-A 
150-161, CaLP-A 79-161, CaLP-A 1-78, CaM + tail, and (Red)-p21“'"’ to explore 
the functional relationships between different domains of CaLP, CaM, and p21? k 
When transfected with p21“'?', the expression level of p-ERK1/2 was reduced, but 
when co-transfected with CaM-WT, CaLP-WT, CaLP-A 150-161, or CaLP-A 1-78, 
the p-ERK1/2 expression level was further rescued; however, the transfection with 
CaLP-A 79-161 and CaM + tail had no effects on that of p-ERK1/2 (Fig. 2.49). In 
conclusion, these experiments obviously implied that the C-terminal globular 
domain of CaLP played significant roles in its cellular translocation and protein 
interaction with p215". 
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Fig. 2.48 Analysis of the p21-binding domain of CaLP 

293T cells were lysed and immunoprecipitated with anti-GFP antibody. The presence of 
co-immunoprecipitated p21“?! was tested by Western blotting. Immunoprecipitation of empty 
vector of EGFP co-transfected with p21 was used as negative control, and the same amount of 
EGFP proteins was loaded in co-immunoprecipitation which were showed in the lower panel. The 
figure shown was representative for three experiments 
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Fig. 2.49 Phosphorylation of ERKs after co-transfection with p21“ and different mutants to 
investigate the functional interactions between p21 and its different domains 

ERK2 was acted as the inner control and the relative density of ERK was quantified by ImageJ 
semiquantitative image analysis software. The figure shown was representative for three indepen- 
dent experiments 


Nuclear envelope locating nuclear pore complexes (NPCs) could regulate the 
transaction of a large account of nucleocytoplasmic shuttling proteins in eukaryotic 
cells. The NPC is a large, multiprotein complex with a molecular weight of approx- 
imately 125 MDa. There is a 10-nm-diameter diffusion channel in the center of the 
NPC, allowing free transit of molecules with molecules smaller than 60 kDa in size 
[180, 181]. Nucleocytoplasmic trafficking of molecules larger than this limit requires 
extra energy and trafficking signal sequences embedded inside the protein primary 
structure. As an example, the nuclear localization signal (NLS) and the M9 signal 
[182-185] were two of the best characterized import signals. M9 binding proteins, 
functioning as cytosolic factors, could help with the signal-mediated import together 
with Ran GTPase [186, 187]. There were no predicted import signals in CaM, while 
it was small enough to go directly through the diffusion channel. In previous studies, 
we detected that CaM would diffuse freely through NPCs with nuclear-located 
CaM-binding proteins functioning as a sink for Ca**-CaM using fluorescence 
imaging and fluorescence recovery followed by photobleaching studies of 
fluoresceinated CaM microinjection into intact cells. The relative concentration 
and affinity of CaM-binding proteins between nucleus and cytoplasm and the 
intracellular concentration of free Ca** have important influences on the equilibrium 
state of CaM in cytoplasm and nucleus. 

According to fluorescence confocal microscopy results, CaM + tail failed to stay 
in the cytoplasm, since the extra 12aa tail of CaLP was not large enough to be limited 
in the cytoplasm. DNA sequence analysis indicated that there were no obvious 
import signals in CaLP; on the contrary CaLP-A 1-78 with a deleted N-terminal 
globular domain exhibited intact ability of staying in the cytoplasm. Considering the 
ubiquitous distribution of CaLP-A 79-161, these results suggested that the 12aa tail 
together with the C-terminal guaranteed the CaLP sequestration in cytoplasm. The 
pathway calmodulin functions on and the specific mechanism of Ca**—CaM binding 
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to its target proteins have been revealed in some previous biophysical researches 
[188, 189]. There were four Ca**-binding sites in CaM, two of which were in a 
globular N-terminal domain, separated by a yielding a-helix linker from a C-terminal 
globular domain, which contained the other two sites. It was believed that each 
domain would adapt an open conformation and a hydrophobic pocket would be 
exposed to help CaM bind to target proteins with the addition of Ca**. During the 
interaction between CaM and its target proteins, the C-terminal hydrophobic pocket 
of CaM would initially bind to the hydrophobic parts in target N-terminal sequence 
after which the C-terminal of the CaM-binding domain would interact with the 
N-terminal globular domain. As a result, CaM then collapsed and wrapped around 
the peptide, inducing a high affinity complex to form. Co-immunoprecipitation of 
different mutants of CaLP with p21" together with fluorescence confocal micros- 
copy assay after co-transfection, indicated that the high level of p21“'?’ could 
promote the translocating of CaLP-WT, CaLP-A 150-161, and CaLP-A 1-78. And 
we inferred that the C-terminal globular domain of CaLP contributed to its translo- 
cation [126]. The nucleocytoplasmic transportation of various proteins like CaM was 
triggered by protein phosphorylation of insulin receptor tyrosine kinase [190], casein 
kinase II [191], and epidermal-growth-factor-receptor tyrosine kinase [192]. Thus, 
further analysis must be performed to investigate whether CaLP was directly phos- 
phorylated or just released from the interacting protein in cytoplasm and then 
diffused into the nucleus due to the transfection of p21“'?’. In this paper, the 
interacting sites with target proteins and phosphorylation sites most probably locate 
in the C-terminal globular domain of CaLP. 


2.3.6 The Extra C-Terminal Tail Is Involved 
in the Conformation, Stability Changes, and the N/C- 
Domain Interactions of the Calmodulin-Like Protein 
from Pearl Oyster Pinctada fucata 


Calmodulin-like protein (PfCaLP) in pearl oyster Pinctada fucata, with an extra 
D150-K161 tail at its C-terminal, is a new protein functioned as a regulator during 
calcium metabolism process. The aim of this research is gaining insight upon the 
conformation properties of the PfCaLP N/C-domain, particularly the relative stabil- 
ity of its C-domain and the intact PfCaLP protein, effects on the domain—domain 
communications within PfCaLP, and the exact effects of the extra tail on the 
conformational changes induced by Ca**/Mg**. Our results indicated that there 
was an obviously strong interaction between hydrophilic tail and the C-domain of 
PfCaLP. The extra tail further affected the rate of migration and exposure of the 
hydrophobic domains in the intact PfCaLP molecule and N/C-domain interactions 
by affecting the C-domain conformational transformation. Besides, the stability of 
C-domain and PfCaLP could be actively regulated by the tail. Results from this 
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research could help us elucidate our previous conclusions that the tail of Pf{CaLP did 
play critical roles in interaction between PfCaLP and its target proteins during 
calcium metabolism of oyster. 


2.3.6.1 The Isolation of Recombinant Proteins 


M-CaLP, W-CaLP, and strings of CaLP domains, like C-CaLP, N-CaLP, and 
C2-CaLP, were expressed in E. coli successfully. It was showed in Fig. 2.50 that 
the high heat stability of all the recombinant proteins separated and detected by 
SDS-PAGE. After heating the lysates for 10 min at 90 °C, the main bacterial host- 
soluble proteins could be denatured to precipitation and then be removed out with all 
recombinant proteins still keeping in the supernatants. 

Since H-CaLP exhibited a rather low affinity to phenyl-Sepharose because of the 
strong hydrophilicity of the C-terminally extra tail [24, 174], a modified protocol 
partially in terms of Newton et al. [193] was applied to the purification of C-CaLP 
and W-CaLP. After heat treating, C-CaLP and W-CaLP proteins were separated by 
DEAE-Sepharose anion exchange chromatography followed by being eluded with 
0.3-0.35M NaCl, after which fractions with W-CaLP were gathered and then 
isolated using the phenyl-Sepharose chromatography. When this two-step purifica- 
tion was finished, W-CaLP would be purified successfully with high yields and 
purity (Fig. 2.50a). The phenyl-Sepharose binding affinities of M-CaLP and PfCaM 
are stronger than that of W-CaLP, indicating that the conformational changes 
induced by Ca** in W-CaLP generated less hydrophobic surface than M-CaLP and 
PfCaM for the existence of a hydrophilic tail [174, 194]. These two proteins, 
C2-CaLP and N-CaLP, could be obtained with phenyl-Sepharose at low salt 
concentration. 


2.3.6.2 Calcium-Induced Electrophoretic Mobility Shift 


CaM has a typical electrophoretic mobility change induced by calcium, in which the 
protein appears to have different apparent molecular weights with or without Ca** on 
SDS/PAGE [14]. The Ca**-dependent electrophoretic change profiles of M-CaLP, 
H-CaLP, and W-CaLP were shown in Fig. 2.5l1a. When compared to their predicted 
molecular weight, the apparent molecular mass of M-CaLP, H-CaLP, and W-CaLP 
reduces by nearly 17%, 7%, and 7%, respectively, after binding Ca’*: however, the 
apparent molecular weight increased about 25%, 30%, and 31%, respectively, 
without Ca**. Furthermore, the Ca**-induced electrophoretic shift pattern of CaLP 
didn’t change after connecting to a Hisg-tag. Figure 2.51b showed the Ca**-depen- 
dent electrophoretic shift profiles of C2-CaLP, N-CaLP, and C-CaLP. Compared 
with their predicted molecular weight, the apparent molecular mass of C2-CaLP and 
N-CaLP decreases about 20% and 42% in Ca**-saturated form; however, C-CaLP 
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Fig. 2.50 Expression and purification of recombinant P. fucata CaLP and its domains in E. coli 
Arrows represented the induced proteins after IPTG inducing. (a) W-CaLP; (b) N-CaLP; (c) 
C-CaLP; (d) C2-CaLP. The molecular mass in kDa was shown on both sides of the gel. M, protein 
molecular mass markers; lane 1, un-induced whole-cell lysate; lane 2, whole-cell lysate induced by 
0.5 mM IPTG for 3.5 h; lane 3, whole-cell lysate induced by IPTG after heat treatment for 10 min at 
90 °C with the addition of 5 mM Ca": lane 4, purified recombinant W-CaLP and its domains eluted 
from phenyl-Sepharose chromatography column by 1 mM EGTA, 50 mM Tris—HCl, and pH 7.5 
(A) or 1 mM CaCl, 50 mM Tris—HCl, and pH 7.5 (B, C, and D) 


mass increases nearly 82%, while the values increase approximately 73%, 42%, and 
89% for C2-CaLP, N-CaLP, and C-CaLP in Ca’*-free status, respectively. The 
different electrophoretic shift patterns induced by Ca** between C2-CaLP and 
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Fig. 2.51 Ca**-dependent electrophoretic migration profiles of the recombinant P. fucata CaLP, 
M-CaLP and CaLP domains 

All the purified recombinant proteins were run on a 15% SDS/PAGE in the presence of Ca” or 
EGTA. (A) Both the gel and the sample buffer were added with 2.5 mM CaCl, or EGTA; (B) only 
the sample buffer was added with 2.5 mM CaCl, or EGTA; a, in the presence of Ca”; b, in the 
presence of EGTA. M, protein molecular mass markers; lines 1-6, H-CaLP, W-CaLP, M-CaLP, 
N-CaLP, C-CaLP, and C2-CaLP, respectively. The molecular mass in kDa is indicated on both 
sides of the gel 


C-CaLP suggest the existence of different Ca**-induced conformational transforma- 
tions due to the extra C-terminal tail. Another phenomenon was that as Mg** 
replaced Ca**; however, all of these proteins seemed to lose the mobility shift 
(data not shown). 
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Fig. 2.52 Far-UV CD spectroscopy of Ca’*-/Mg7*-induced conformational changes in W-CaLP 
(a), M-CaLP(b), N-CaLP(c), C-CaLP(d), and C2-CaLP (e) with the addition of Ca**, Mg?*, or 
EDTA [196] 

The spectra were recorded in 20 mM Hepes, 100 mM KCI buffer, pH 7.5, with the addition of 2 mM 


CaCl, (line a), 5 mM MgCl, (line b), or 2 mM EDTA (line c), and corrected by a blank buffer 
containing 20 mM Hepes, 100 mM KCI, pH 7.5. The final protein concentration was 10 uM for 
M-CaLP and W-CaLP and 30 uM for C-CaLP, N-CaLP, and C2-CaLP 


Table 2.5 Circular dichroism changes at 222 nm of M-CaLP, W-CaLP, C-CaLP, N-CaLP, and 


C2-CaLP 

Protein OJEDA | OM JODIA 
W-CaLP 173 123 
M-CaLP .64 128 
N-CaLP 128 1.09 
C-CaLP L65 34 
2-CaLP .80 125 


CD measurements were carried at 25 °C in 20 mM Hepes, 100 mM KCI buffer, and pH 7.5, 
containing 2 mM CaCl2, 5 mM MgCl2, or 2 mM EDTA 


2.3.6.3. Far-Ultraviolet Circular Dichroism Measurements 


The conformational changes induced by Ca**/Mg** of W-CaLP, domains, and 
mutants were further investigated with far-UV CD. There was an obvious increase 
in negative ellipticity at 208 and 222 nm in all the proteins (Fig. 2.52), suggesting 
that both Mg** and Ca** could promote conformation changes (in a-helical content) 
in all of the protein samples tested. The ellipticity changed at 222 nm of all proteins, 
which were summarized in Table 2.5. Significant conformation changes also 
appeared in all proteins when binding to Ca** and Mg**, in which the effects of Mg** 
were weaker than that of Ca** in all cases. Furthermore, greater conformational changes 
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in C-CaLP could be induced by both Ca** and Mg** than in N-CaLP in accordance with 
the finding that TRC showed a weaker intensity upregulation than of TR,;C with Ca** 
binding [195]. The most prominent and attracting property of the CD spectra consisted 
in that there were also two EF-hand Ca**-binding motifs in C2-CaLP, while only an 
almost complete unfolded structure appeared with the presence of EDTA, indicating that 
there might exist a strong interaction between the C-domain and C-terminally extra tail 
of CaLP. 


2.3.6.4 The Extra Tail Influences the CaLP N/C-Domain Interactions 


Previous research have proved that far-UV CD was widely used to investigate the 
domain—domain interactions of CaM by comparing the sum of the ellipticities of 
individual domain with that of a stoichiometric mixture of the C- and N-domains of 
CaM [197-199]. In this paper, far-UV CD was also applied to analyze how the tail 
could affect the domain—domain interactions in CaLP. As shown in Fig. 2.53a, the 
sum of the individual CD spectra of C-CaLP and N-CaLP was the same as that of the 
equimolar mixture of C-CaLP and N-CaLP, suggesting that no significant interac- 
tions existed between the C/N-domain in CaLP. When Ca’* was thoroughly mixed 
with C2-CaLP and N-CaLP, the ellipticity became higher than that of the sum of 
these individual spectra (Fig. 2.53c), indicating that interactions truly existed 
between the C- and N-domains of CaLP without its extra tail. However, no signif- 
icant secondary structure changes appeared during the combination of C-CaLP and 
N-CaLP nor in C2-CaLP and N-CaLP after the addition of EDTA (Fig. 2.53b and d). 
In conclusion, this process may follow a Ca**-binding manner through which the tail 
could affect the interactions between C-domain and N-domain in CaLP. 


2.3.6.5 Intrinsic Phenylalanine and Tyrosine Fluorescence Assay 


The Mg**- and Ca**-binding influences on the conformational transformations of 
W-CaLP, N-CaLP, M-CaLP, C2-CaLP, and C-CaLP were further studied by testing 
their intrinsic fluorescence of phenylalanine and tyrosine. The N-domain of CaLP 
possessed five phenylalanine residues, with no tryptophan or tyrosine. The CaLP 
C-domain contained one tyrosine and four phenylalanine residues instead of trypto- 
phan. What’s more, there was no aromatic residue locating in the tail of CaLP either. 
Intrinsic fluorescence of phenylalanine spectra was measured and exhibited in 
Fig. 2.54a—e. The reduction in phenylalanine fluorescence emission in each protein 
on Mg**/Ca** binding was shown in Table 2.6. Both Mg** and Ca** could promote 
the quenching of phenylalanine fluorescence in all proteins, which might be partially 
induced by the energy transferred to the tyrosine around [16]. Comparing W-CaLP 
with M-CaLP, the additional tail would just mildly influence the phenylalanine 
fluorescence quenching induced by Ca**/Mg** in the CaLP protein. By contrast, 
the additional C-terminal tail could influence the quenching of phenylalanine 
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Fig. 2.53 Far-UV CD spectra of un-complexed and 1:1 mixture of C-CaLP, N-CaLP, and 
C2-CaLP 

(a and b) Unmixed N-CaLP and C-CaLP and the sum of the two spectra, as well as spectra of intact 
W-CaLP and a 1:1 mixture of N-CaLP and C-CaLP; (c and d) 1:1 mixture of C2-CaLP and N-CaLP 
with the sum of the spectra recorded individually and the spectra of M-CaLP. The concentration of 
protein was 10 uM in all groups; all spectra were performed in 20 mM Hepes, buffer 100 mM KCI, 
pH 7.5, with the addition of 2 mMCaCl, (a and c) or 2 mM EDTA (b and d) 


fluorescence induced by the Ca**/Mg** in the C-domain of CaLP (Fig. 2.544, e), 
among which the effect of Ca** was much more obvious than that of Mg”. 
Furthermore, there was no evident red or blue shift with any maximal emission 
wavelength observed in neither C2-CaLP nor C-CaLP. 

The absorption spectra of PfCaM containing a single tyrosine residue at position 
139 have been well studied [24, 52, 174]. Figure 2.54f-1 showed the emission of 
tyrosine for W-CaLP, its domains, and mutants. After the binding with Ca”, 
tyrosine fluorescence emission in W- and M-CaLP (Fig. 2.54f, g), C2-CaLP 
(Fig. 2.541), and C-CaLP (Fig. 2.54h) increased to 0.28-fold, 0.26-fold, 0.36-fold, 
0.23-fold, and 0.23-fold, respectively, while the binding of Mg** led to an increase 
about 0.14-fold, 0.13-fold, 0.16-fold, and 0.07-fold as the same succession men- 
tioned above. The data above indicated that the extra tail contributed little to changes 
of the intrinsic fluorescence induced by Mg**/Ca** in CaLP yet showed significant 
effects on the conformational changes of the CaLP C-domain. 
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Fig. 2.54 Normalized [(f-finax)|/Cfmax-fmin)] emission fluorescence spectra of M-CaLP, W-CaLP, 
C-CaLP, N-CaLP, and C2-CaLP 

The fluorescence of the phenylalanine (a—e) and tyrosine residues (f-i) in W-CaLP (a and f), 
M-CaLP (b and g), N-CaLP (c), C-CaLP (d and h), and C2-CaLP (e and i) was monitored using an 
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Table 2.6 The reduction of Protein +Ca2* (%) +Mg?* (%) 

phenylalanine fluorescence 

intensity with the addition of Makr 51 6.6 

Ca?* or Mg” relative to that _M-CaLP 52 9.6 

with EDTA N-CaLP 44 0.5 
C-CaLP 61 21 


C2-CaLP 12 


2.3.6.6 The Extended C-Terminal Region Influences the Hydrophobic 
Patches Exposure of CaLP and Its C-Domain 


The formation of hydrophobic patches in CaM after binding with Ca** was the 
most important structural property of revealing the Ca7*-induced activation mech- 
anism [200-202]. The external fluorescent probe ANS, a widely used external 
fluorescent probe with a very low quantum yield in water, was extensively used to 
monitor the event, but it turned to be very fluorescent in nonpolar solvent. This 
characteristic made it a useful method to test the surface hydrophobicity in protein 
[144]. Figure 2.55 demonstrated the ANS fluorescence emission of W-CaLP, its 
domains and mutant with Mg**, Ca**, or EDTA. The hydrophobic patch exposure 
to the polar environment could be enhanced by Ca**, but Mg** almost had no 
effects in all these cases. We could see from Table 2.7 the changes in maximum 
wavelength of emission (Amax) and maximum fluorescence intensity in all proteins 
after binding with ANS. After M-CaLP or W-CaLP binding with Ca**, a similar 
decrease Of Anax (about 30 nm) but distinct change in maximum fluorescence 
emission intensity (max) appeared. For C-CaLP and N-CaLP, their cases indicated 
different increase in Imax intensity while no significant A,,,, change after Ca” 
binding. However, the reasons were still not clear for these differences. The 
sequence variations of EF-hand motifs between C-CaLP and N-CaLP might 
contribute to this phenomenon. As for C2-CaLP and C-CaLP, CaLP exhibited 
more enhancement of ANS intensity in C-CaLP induced by Ca** than that in 
C2-CaLP, which could be partially explained by the interaction disruption between 
the tail of CaLP and its C-terminal domain, leading to the complete unfolding of 
C2-CaLP with the addition of EDTA. In conclusion, the extra tail could obviously 
affect the Ca**-promoted hydrophobic patch exposure of the whole CaLP by 
influencing C-domain conformational shift. 


9 


Fig. 2.54 (continued) excitation and emission wavelength pair (250/280 nm and 277/320 nm, 
respectively). All the proteins were diluted in 20 mM Hepes, 100 mM KCl buffer, pH 7.5, with the 
addition of 2 mM CaCl,, 5 mM MgCl, or 2 mM EDTA. The final protein concentration was 10 uM 
for M-CaLP and W-CaLP and 30 uM for C-CaLP, N-CaLP, and C2-CaLP 
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Fig. 2.55 Conformational changes of M-CaLP, W-CaLP, and CaLP domains tested by ANS 
binding with the addition of Ca**, Mg’* or EDTA 

(a)W-CaLP; (b) M-CaLP; (c) N-CaLP; (d) C-CaLP; (e) C2-CaLP. Fluorescence emission spectra 
were measured with excitation wavelength set at 370 nm for ANS and all measurements were 
carried out using 20 uM for M-CaLP and W-CaLP and 30 uM for C-CaLP, N-CaLP, and C2-CaLP. 
ANS was at a final concentration of 50 uM and 20 mM Hepes buffer, 100 mM KCl, pH 7.5, with 
2 mM CaClo, 5 mM MgCl, or 2 mM EDTA at 25 °C 


Table 2.7 Fluorescence spectral changes of ANS with the addition of Mg**, Ca**, or EDTA 
Protein Imax(+Ca>* Wmax(+EDTA) Imax(+Mg*)/Imax(tEDTA) 


W-CaLP 3.66 1.02 
M-CaLP 4.31 1.05 
N-CaLP Oo | 140 1.02 
C-CaLP 193 1.11 
C2-CaLP 1.29 1.04 


Admax indicated the difference between maximum fluorescence emission of ANS in the presence 
of Ca**and that in EDTA. Imax(+Ca7* WImax(tEDTA) or Imax(+Mg**V/Imax(+EDTA) indicated the 
ratio of the maximum fluorescence intensity of ANS with the addition of Ca** or Mg” to that of 
EDTA 


2.3.6.7. The Extra C-Terminal Tail Affects the Structural Stability 
of CaLP 


Far-UV CD using chemical denaturation (GuHCl) assay were applied to monitor the 
structural stabilities of W-CaLP, its mutant and domains in the absence (apo-state) or 
presence (holo-state) of Ca**. The differences of the far-UV CD signals at 222 nm of 
the apo- and holo- state of all the recombinant proteins were demonstrated in 
Fig. 2.56. All the proteins in holo-state were substantially more stable than those 
in apo-state. The denaturation curves for holo-M-CaLP and holo-W-CaLP clearly 
indicated two resolvable transition states (Fig. 2.56a). If GuHCl <3.5M, holo-M- 
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Fig. 2.56 Structural stability of recombinant P. fucata CaLP, its mutant, and various domains 
CD spectra signals at 222 nm were used to analyze the folding fractions of the proteins. Schematic 
representation of the GuHCl-induced unfolding of M-CaLP and W-CaLP (a) and C-CaLP, N-CaLP, 
and C2-CaLP (b) with 2 mM CaCl, (holo-state) or 2 mM EGTA (apo-state). Unfolding was tested 
at 25 °C in 20 mM Hepes, 100 mM KCl, pH 7.5. fx app, fraction of folded protein 


CaLP was less stable than holo-W-CaLP, which suggested that the molecular 
stability of W-CaLP could be increased by the extra tail, whereas, when GuHCl 
concentration increased (GuHCI>3.5M), holo-M-CaLP was mildly more stable than 
holo-W-CaLP, suggesting that the molecular stability above this GuHCl concentra- 
tion could be decreased by the tail. Apo-W-CaLP showed a less stable state than 
apo-M-CaLP, which implied that the tail might repressed the chemical stability of 
W-CaLP without Ca’*. Therefore, we speculated that the flexible C-terminal tail 
contributed actively to control the stability of W-CaLP. 
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We could clearly see from Fig. 2.56b that holo-N-CaLP exhibited the highest 
stability. And it could still remain at least 91% of its native state even with the 
addition of 3.5 M GuHCl. There has also been a broad transition from 1.5 to 6 M 
GuHCl in amplitude corresponding to the complete unfolding of holo-N-CaLP 
protein. The denaturant Cm value (midpoint of the unfolding transition) for holo- 
C-CaLP and holo-N-CaLP was 1.95 M and 4.8 M, respectively. The Cm value for 
apo-C-CaLP and apo-N-CaLP was 1.5 M and 3.7 M, respectively. What’s more, we 
should note that apo-N-CaLP was still more stable than holo-C-CaLP under these 
circumstances. C2-CaLP showed different stability patterns compared with its holo- 
and apo-state. As the concentration of GuHCl decreased to less than 1.8 M in holo- 
State, holo-C-CaLP was still much more stable than holo-C2-CaLP; however, the 
increasing concentration of GuHCl led to a slightly stable state of holo-C2-CaLP 
than that in holo-C-CaLP. As in apo-state, both apo-C2-CaLP and apo-C-CaLP 
exhibited similar stabilities as the concentration of GuHCl] reduced to less than 1.0 
M. However, the increasing concentration of GuHCl made apo-C-CaLP less stable 
than apo-C2-CaLP, suggesting that the tail could regulate the stability of the intact 
CaLP molecule by acting on the C-domain. 

In summary, our results elaborated that the N-domain and C-domain of CaLP did 
have different conformational changes on Ca** and Mg** binding. And a strong 
interaction truly existed between the C-domain and the tail of CaLP. What’s more, 
the extra C-terminal tail, regulating the stability of the C-domain of CaLP and the 
conformational changes induced by Ca**/Mg** as well as Ca**-dependent electro- 
phoretic migration rate would affect the stability and conformational properties of 
the intact CaLP molecule [196]. Our present study is definitely facilitating to 
demonstrate our previous findings that the tail plays crucial roles in CaLP-target 
interaction. 


2.3.7 Biomineralization: Functions of Calmodulin-Like 
Protein in the Shell Formation of Pearl Oyster 


Calmodulin-like protein (CaLP) has been considered to be engaged in the shell 
formation of many oysters. However, no further studies of this protein have ever 
been performed. In our research, the in vitro crystallization experiment indicated that 
CaLP could modify the morphology of calcites. In addition, aragonites could be 
induced in the addition of CaLP and a nacre protein (at 16 kDa), which was detected, 
isolated, and purified from the EDTA-soluble matrix of nacreous layer. These results 
were consistent with that of immunohistological staining experiment where CaLP 
was detected not only in the organic layer sandwiched between calcitic prismatic 
layer and aragonitic nacreous layer but also around the calcitic prisms of the 
prismatic layer. Taken all these results together, we concluded that (1) CaLP, as a 
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component of the organic layer, could induce the nucleation of aragonites through 
binding with the 16 kDa protein and (2) CaLP may regulate the growth of calcites in 
the outer prismatic layer of the shell. 


2.3.7.1 Expression and Purification of Recombinant CaLP 


As shown in Fig. 2.57, the expressed recombinant CaLP reached approximately 20% 
of the total bacterial soluble proteins. After heating at 90 °C for 10 min, most 
bacterial soluble proteins were denatured, while the recombinant CaLP demon- 
strated high heat stability and was purified by anion exchange chromatography. 
After purification, only a single band was observed on SDS-PAGE, and in the 
presence of Cat, its relative molecular mass was 17 kDa which was consistent 
with the predicted molecular mass. 


2.3.7.2 Isolation of EDTA-Soluble Matrix (ESM) from Nacre 


The analysis of ESM by SDS-PAGE is shown in Fig. 2.58. Many protein bands can 
be seen under the reduced conditions, while only a few bands appeared on the 
unreduced gel and a majority of the proteins aggregated at about 60 kDa. 





Fig. 2.57 Expression and purification of recombinant CaLP detected by 15% SDS-PAGE and 
stained by CBB R-250 

M, molecular weight markers; lane 1, un-induced whole-cell lysate; lane 2, induced whole-cell 
lysate; lane 3, un-induced whole-cell lysate with heat treatment; lane 4, induced whole-cell lysate 
with heat treatment; lane 5, purified recombinant CaLP in the presence of 2.5 mM CaCl2; lane 
6, purified recombinant CaLP in the presence of 2.5 mM EGTA 
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Fig. 2.58 SDS-PAGE of M l 2 3 
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2.3.7.3 Efficiency of Biotinylated CaLP and Detection of CaLP-Binding 
Proteins 


The efficiency of biotinylated CaLP was proven by dot blots. In the presence of 
biotinylated CaLP, the CaLP-binding proteins presented a definite positive signal, 
while BSA, as a negative control, was not detected (data not shown). This indicates 
that the biotinylated CaLP can serve as a powerful tool to detect CaLP-binding 
proteins. To detect CaLP-binding protein in ESM, protein blotting was performed 
(Fig. 2.59). The molecular weight markers (rabbit phosphorylase b, 97 kDa; BSA, 
66 kDa; rabbit actin, 43 kDa; bovine carbonic anhydrase, 31 kDa; trypsin inhibitor, 
20 kDa; hen egg white lysozyme, 14 kDa) and P. fucata calmodulin [52], a classical 
acidic protein [to detect nonspecific absorptions between the avidin (alkaline) and 
acid proteins], were electroblotted together with ESM for control studies. Five mM 
EGTA was included in the incubated solutions to detect Ca**-independent binding. 
Protein blotting in the absence of biotinylated CaLP was also performed (data not 
shown). Fig. 2.59 showed that only one band at 16 kDa can be seen in the presence 
of 2 mM Ca” and no positive signal was observed in any of the controls. 


2.3.7.4 Polymorph Transformation in the Combination of CaLP 
and the 16 kDa Protein 


The results of crystallization, conducted in a mixture of CaLP (2.5 ug/ml) and the 
16 kDa protein (2.5 ug/ml), showed that some needle-shaped aragonites (Fig. 2.60d, 
e) and plated vaterites (Fig. 2.60f) had been induced. All the control experiments 
performed in the presence of filtrate (Fig. 2.60a), mixture of BSA and CaLP 
(Fig. 2.60b), or mixture of BSA and the 16 kDa protein (Fig. 2.60c) at the same 
concentration produced typical rhombohedra of calcite. The aragonite and vaterite 
were validated by Raman spectra (Fig. 2.60g). 
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Fig. 2.59 Detection of + Ca™ + EGTA 
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Fig. 2.60 Aragonite and vaterite induced in the mixture of CaLP and the 16 kDa protein [50] 

Crystals grown in the presence of filtrate (a), CaLP and BSA (b), the 16 kDa protein and BSA (c), 
and CaLP and the 16 kDa protein (d-f). Concentrations of these proteins were all 2.5 pg/ml. a—c are 
controls; d and e show aragonite (SEM); F shows vaterite (optical microscope). Scale bars in d and 
e are 2 um, and the other bars are 10 um. G is the Raman spectra of induced crystals, (1) vaterite, 
(2) aragonite, and (3) calcite, with the characteristic peaks of calcite at 281,712, and 1086 cm” !; of 
aragonite at 207, 706, and 1085 cm™!:; and of vaterite at 308, 1075 (shoulder peak), and 1090 cm! 
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Fig. 2.61 SEM images of calcite modifications by CaLP 
Calcite crystals grown in the presence of 20 ug/ml BSA (a, control), 5 ug/ml CaLP (b), 10 ug/ml 
CaLP (C), and 20 pg/ml CaLP (D). Scale bars, 10 pm 


2.3.7.5 Calcite Modification by CaLP 


To investigate the influences of CaLP on the morphology of calcite, the crystals 
precipitated in vitro were examined by SEM. In the control experiments performed 
with the filtrate (data not shown) or BSA (Fig. a), the crystals obtained were the 
typical rhombohedra of calcite with smooth crystal faces. In the presence of CaLP, 
the morphology of calcite was drastically changed. At low concentrations of CaLP 
(<2 pg/ml), however, no significant effect on the morphology of the calcite was 
observed. The effects of CaLP became apparent at a concentration of 5 pg/ml, when 
all the crystals were changed with rounded edges and visualized steps (Fig. b). 
The crystals reached their most modified state at the concentration of 20 ug/ml, when 
the edges and some crystal faces disappeared completely and the macro-steps 
formed on the surface of the calcite were distinct (Fig. d). 


2.3.7.6 Immunohistological Staining 


CaLP was detected in the organic layer (sandwiched between the nacre and the 
prismatic layer) (Fig. b, black arrows) and around the prisms (Fig. b, white 
arrows). No positive signal was observed in the control sample. 
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Fig. 2.62 In situ localization of CaLP in transversal section of the shell of Pinctada fucata [50] 
The upper compartment is the prismatic layer and the lower is the nacre. (a) control sample stained 
with preimmune serum. The black arrow indicates no positive signal was detected in the organic 
layer. (b) sample stained with anti-CaLP serum. The black arrow indicates the localization of CaLP 
in the organic layer, and the white arrow indicates CaLP around the prisms. Scale bars: 100 pm. (c) 
schematic drawing of CaLP (red) localization in the shell 


Our previous study [24, 52, 174] showed that CaLP was involved in biominer- 
alization, but no direct evidence was ever presented. To advance our understanding 
about the functions of CaLP in shell formation, this study was performed. 

Calmodulin is an important constituent of cellular signal transduction pathways 
and some recent studies showed that calmodulin seemed to have a close relationship 
with biomineralization [203, 204]. Identification of the binding proteins is a crucial 
step to revealing the functions of calmodulin (or CaLP) [205], and for many years the 
CaLP-binding proteins were believed to be located intracellularly. But in recent 
years, extracellular calmodulin (or CaLP) and many calmodulin (or CaLP)-binding 
proteins have been identified, and they have also been believed to play important 
roles in extracellular process [206, 207]. Therefore, we extracted ESM from the 
nacre of the pearl oyster and detected the CaLP-binding proteins in it. The 16 kDa 
protein was found. 

To study the influences of the complex of CaLP and the 16 kDa protein on 
crystallization, we have attempted to purify the 16 kDa protein. Unfortunately, the 
proteins of ESM were cross-linked and aggregated under unreduced conditions 
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(Fig. 2.58, lane 2), so it was difficult to purify the 16 kDa protein. Finally, prepar- 
ative electrophoresis was chosen, and the results indicated that the 16 kDa protein 
was purified successfully from the ESM (Fig. 2.58, lane 3). After renaturation 
(extensive dialysis) [208], CaLP affinity column [24] was used to validate the 
CaLP-binding ability of the 16 kDa protein. The analysis showed that the renatured 
16 kDa protein was able to bind with CaLP (data not shown), indicating that the 
16 kDa protein was renatured at least in part. 

Protein interaction is a common way that matrix protein achieves its regulatory 
role in biomineralization [209]. Pearlin can induce aragonite crystallization through 
interacting with pearl keratin in the nacreous layer [210], and the mixture of N14 and 
N66 can promote the nucleation of aragonite crystals [211]. In this study, when 
CaLP and the 16 kDa protein were added to the crystallization solution, respectively, 
no significant influence on the calcite growth was observed. However, when they 
were mixed in the crystallization solution, some aragonites and vaterites were 
induced (Fig. 2.60 D—-F). The results strongly indicated an interaction between the 
two proteins. The interaction may induce an exposure of a hydrophobic surface in 
CaLP in such a way that this interaction participates in the nucleation of aragonite 
crystal [212]. 

Although aragonite and vaterite were induced in the crystallization solution, the 
solution does not guarantee the total absence of calcite nuclei. Many calcites were 
produced together with aragonite and vaterite. This is agreeable with an earlier study 
in which the organic matrix could induce nucleation of crystal, but calcite formed 
predominantly [213]. Thus, the characteristics of aragonite or vaterite could not be 
detected by X-ray diffraction in this work, due to interference of high-intensity 
calcite peaks. On the other hand, the preparative method of the 16 kDa protein 
was so harsh that it may influence the functions of the 16 kDa protein, resulting in the 
decrease in quantity of aragonite in the crystallization solution. 

We have also performed crystallization experiments in an aragonitic 
crystallization solution [98] using CaLP and the 16 kDa protein with similar sets. 
However, all the experimental solutions presented spherical and needle-like ara- 
gonite, and no significant results were observed (data not shown). We infer that the 
complex of CaLP and the 16 kDa protein is associated with the framework proteins 
at the interface. When the growth of nacre is initiated, the protein complex can 
induce the nucleation of aragonite and maybe in such a way that the complex 
participates in the location of aragonitic nucleation sites on the organic surface. 
However, in the aragonitic crystallization solution, the roles of the protein complex 
were obscured by Mg”. 

In vitro studies showed that the soluble protein fractions extracted from the shell 
can influence the nucleation, polymorph, orientation, and morphology of growing 
CaCO; crystals [214]. In this study, when CaLP was added singly to the crystalli- 
zation solution, it demonstrated drastic effects on the growth of calcite (Fig. 2.61) in 
a concentration-dependent manner, while BSA, as a negative control, had no 
significant influence (Fig. 2.6la). This strongly suggests that CaLP was occluded 
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in the shell. When we attempted to detect CaLP in the ESM of nacre by Western blot, 
no positive signal was detected (data not shown). This was consistent with the results 
of immunohistological staining in which CaLP was detected not in the nacre, but in 
the organic layer and around the prisms of the prismatic layer (Fig. 2.62). 

Based on the results of crystallization experiments and immunohistological 
staining, firstly, we deduce that CaLP is a component of the organic layer and it 
can induce the nucleation of aragonite at the interface through binding with the 
16 kDa protein. Secondly, CaLP is also localized in the prismatic layer and may 
regulate the growth of calcite. Multifunction is a familiar characteristic of many shell 
proteins [212], and we infer that CaLP shares it. 

In addition, cell signaling is a putative function of shell proteins [212], but few 
studies have been performed on it. Besides CaLP in this study, a receptor for growth 
factors was also found in the shell [215]. The presence of these signal-related 
proteins in the shell matrix is interesting, and the reason for it remains to be 
elucidated. 


2.3.8 Investigation of Phosphorylation Site Responsible 
for CaLP (P. fucata) Nucleocytoplasmic Shuttling 
Triggered by Overexpression of p21©?" 


Calmodulin (CaM) is a highly conservative and unique Ca**-binding protein regu- 
lating intracellular Ca?" concentration functioning as a sensor of Ca** in eukaryotic 
cells. Being such an important signal sensor, we have good reasons to believe CaM 
undergoes many posttranslational modifications, one of which is its phosphoryla- 
tion. Our previous studies showed that calmodulin-like protein (CaLP) and CaM 
cloned from Pinctada fucata have many various characteristics even though they 
shared high similarities to each other. And we have narrowed down that the 
C-terminal domains of CaM and CaLP were in control of their discrepant subcellular 
localizations and shuttling of CaLP when it was co-transfected with p21“?!, which 
was usually viewed as an essential cell cycle-regulating protein. In this paper, for the 
first time, we predicted the potential phosphorylation site involved in shuttling and 
confirmed it by fluorescence confocal microscopy. Together with FACS results, we 
further studied the releasing ability between wild-type and point-mutated CaLP 
arrested from cell cycle induced by p21“'”’ overexpression. We proposed that the 
CaLP locating in cytoplasm was phosphorylated; however, the overexpression of 
p21“?! in mammalian cells led to the dephosphorylation and translocation of CaLP 
to nucleus triggered by certain signals by carrying out pull-down analysis and 
phosphorylation status of CaLP in cytoplasm of transfected COS-7 cells with 
CaLP alone as well as phosphorylation status of CaLP in nuclear of co-transfected 
COS-7 cells with CaLP and p21“. 
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2.3.8.1 Mutation of Y139A Changed CaLP Localization and Its 
Translocation 


CaM-WT distributed widely in cells, but CaLP-WT was converted in cytoplasm 
[49, 126] as Fig. 2.64a—-h showed. Interestingly, CaLP, instead of CaM, would 
translocate from cytoplasm to nucleus and co-localize with p21’? after the 
co-transfection with p21“'?', for which we’ve confirmed before that the C-terminal 
globular domain was responsible [49, 126]. Moreover, we found one tyrosine site 
predicted to be potentially phosphorylated in CaLP (Fig. 2.63) by bioinformatics. 

To identify the crucial roles P-(Y139) of CaLP played during its subcellular 
localization, and confirm the interesting nuclear—cytoplasm translocation mecha- 
nism, CaLPY139A alone, as well as CaLPY139A together with p21'?', was 
transfected to 293T cells, separately for further comparison between CaM-WT and 
CaLP-WT. Apparently, the mutant was detected in both cytoplasm and nucleus, and 
the translocation phenotype also disappeared (Fig. 2.64i—l). These results indicated 
that the Y139 of CaLP was a critical site and the phosphorylation status might be 
very crucial for the different characteristics of CaM from CaLP. 


2.3.8.2 CaLPY139A Failure in Releasing Cells from Go/G, Arrest 


The ability of CaLP, CaLPY139A, and CaM to release COS-7 cells from Gy, arrest 
induced by the overexpression of p21“'?’ was investigated to confirm our previous 
observations on Y139’s crucial role during its translocation from cytoplasm to 
nucleus. The results of the representative profiles of p21“'’ overexpression on cell 
cycle and synchronization of COS-7 cells by serum starvation were indicated in 
Fig. 2.65. Cells in G>/M were indicated by the right tail peak, the intermediate area 
indicating cells in S phase, and the large initial peak in the left represented cells in Go/ 
G, phase. A typical cell cycle was released from serum starvation as negative control 
in Fig. 2.65. The cells would enter Gz stage normally 24 hours later. The distribution 


Fig. 2.63 Potential Baso ST kin 
phosphorylation sites of sis o 

CaLP and CaM predicted by Acid ST kin 
Scansite (medium s82 
stringency) 


The site was narrowed in the 
Y139 locating in the CaM 
C-terminal globular domain 


CaLP 





(5147 
(Baso_ST kin 
Y139 
Y_kin 


S82 
Acid ST_kin 


2.3. The Significant Roles Calmodulin and Calmodulin-Like Protein (CLP). .. 129 


of cell cycle in COS-7 cells after transfection with p21“?! alone experiencing serum 
starvation showed the arrest in Go/G, phase 24 hours after transfection and failed to 
enter to the next stage. When co-transfected with CaLP-WT and p21°"”' after serum 
starvation, the FACS results suggested that the percentage of cells in S phase signif- 
icantly increased compared with those transfected with p21“?! alone (50.114 6.12% 
vs 21+ 4.1%). However, in the co-transfection group of p21“'?’ and CaLPY139A 
after serum starvation, the rescuing of cell cycle arrested by p21“'”’ failed at the Go 
phase. These data demonstrated that Y 139 regulated the releasing of cells from Gj/G, 
phase induced by the overexpression of p21°'?'. Another interesting phenomenon we 
should notice was that when compared with the FACS figures of co-transfection of 
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Fig. 2.64 Subcellular localization of wild-type CaLP, wild-type CaM, and wild-type CaLPY139A 
before and after co-transfection of p215! [216] 

(a, e, i) Subcellular localization of wild-type CaM, CaLP, and CaLPY139A in 293T cells. 293T 
cells were transfected with different recombinant plasmids and visualized by fluorescence micros- 
copy 24 h after the transfection. (a) Distribution of wild-type CaM were detected in both cytoplasm 
and nucleus. e Cytoplasmic localization of wild-type CaLP. (i) CaLP transferred into nucleus after 
Y139 was mutated to A139. (f-h) Subcellular co-localization of p21°P! with WT-CaLP. CaLP was 
stimulated by p21“'?’ to translocate from cytoplasm to nucleus. (b-d, j-I) Localization of p21“?! 
with wild-type CaM and CaLPY139A. The mutant’s localization was not influenced by 
co-transfection with p21“'?’ just as CaM 
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Fig. 2.65 Effect of Y139 mutation on cell cycle distribution 

(a) The typical cell cycle released from serum starvation for 0, 6, 12, and 24 h. At 6 h, S phase cells 
increased and so did the G3 phase; at 24 h, cells entered into Gz normally. (b) Cell cycle distribution 
of p21“'?'-transfected COS-7 cells after serum starvation. The cell cycle was blocked in Go/G, 
phase and failed to enter into the next stage. (c) Cell cycle distribution of CaLPY139A and p21“?! 
co-transfected COS-7 cells after serum starvation. CaLPY139A failed to rescue the cell cycle 
checked by p21“'?! transfection. (d) Cell cycle distribution of CaLP-WT and p21°?! 
co-transfected COS-7 cells. The FACS results showed that the transfection of CaLP-WT made 
the amount of S phase cells much more than control. (e) The statistical analysis of different cell 
cycle phases of different time periods. Bars represented mean + SD of three independent experi- 
ments, each carried out three times. *P < 0.001, statistically significant differences 


CaLP/p21?! and CaM/p21°', the cells in Go/G, arrest couldn’t be released or 
normally impelled to the subsequent phases after the overexpression of CaM; how- 
ever, the overexpression of CaLP overexpression made it possible to transit from Gy, 
to S, while the entry to the next phase failed: cells were all hindered in S phase 
(Fig. 2.66). 


2.3.8.3 Protein-Protein Interaction Between p21“! and CaLP Nuclear/ 
Cytoplasm Fractions 


We were wondering whether the phosphorylation of CaLP was different in nucleus 
and cytoplasm and whether this different status was the reason during CaLP trans- 
location and sequestration based on our previous investigation. In this paper, the 
cytoplasm and nuclear fractions were separated from the cultured COS-7 cells 
co-transfected with p21“?! and CaLP together, as well as those transfected with 
CaLP alone to confirm our hypothesis. We performed GST pull-down assay of the 
GST-p21 complex, and the recombinant CaLP was isolated and purified by positive 
interaction detected by CaLP polyclonal antibody (Fig. 2.67a, upper panel). The 
middle panel of Fig. 2.67a showed that the cytoplasmic fractions of COS-7 cells only 
transfected with CaLP failed to interact with GST-p21 after pull-down analysis. In 
Fig. 2.67b, CaLP-GFP expressed in cytoplasm was firstly immunoprecipitated by 


2.3. The Significant Roles Calmodulin and Calmodulin-Like Protein (CLP)... 131 


A i [___] overexpress of p21 and CaLP 
GE overexpress of p21 and CaM 


C 





= h 


Cal manier (%4) 


= a & & «A @ © @ 8 ao & 





iy Oh 


Fig. 2.66 Comparison between CaM and CaLP of their effects on cell cycle distribution 

This was analyzed by flow cytometry of COS-7 cells synchronized by serum starvation and 
transfected by different recombinant plasmids for different time periods. Results indicated one 
representative experiment performed in triplicate. a Cell cycle released from serum starvation for 
24h. At 24 h, although the cells of S phase elevated greatly, G2 phase cells were still hardly seen. b 
Compared with the CaLP, after co-transfection of CaM and p21“'"’, the distribution of cell cycle 
returned to normal after 24 h transfection. c The statistical analysis of different cell cycle phases of 
different time periods. Bars represented mean + SD of three independent experiments, each 
performed three times. *P < 0.001, statistically significant differences 


GFP antibody and exhibited a phosphorylation state. The positive signal in the upper 
panel indicated that CaLP was phosphorylated in tyrosine. Moreover, we performed 
the same experiment of CaLP in nucleus. After immunoprecipitation with antibody 
of p21“'?' followed by the immunoblot with CaLP or tyrosine antibody, we found 
that even though the CaLP in nucleus could be co-immunoprecipitated with p21“?’, 
the CaLP combining with p21“?! was not phosphorylated as least on its tyrosine 
site. These results were crucial evidences for our previous hypothesis that the CaLP 
phosphorylation status in nucleus and cytoplasm was totally different, which was 
also important for its subcellular localization and translocation when co-transfected 
with p21“. 

For the first time, we successfully set the threshold of prediction as “low strin- 
gency” and obtained our results in Table 2.8 via Scansite 2.0 to predict the phos- 
phorylation sites of CaM and CaLP cloned in P. fucata. Y139 was the only tyrosine 
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Fig. 2.67 Protein—protein interaction between cytoplasmic/nuclear fractions of CaLP and p21“? 
(a) Upper panel was GST pull-down assay for GST-p21 and recombined protein CaLP expressed in 
E. coli (purified as described before). GST-p21 was initially incubated with glutathione-Sepharose 
beads. After sufficient elution, the beads were then incubated with recombined CaLP expressed in 
E. coli. After several rounds of sufficient elution, the complexes of proteins were boiled, and the 
phosphorylation status of CaLP was detected by its polyclonal antibody. The middle panel was GST 
pull-down assay of cytoplasm GFP-CaLP and GST-p21 expressed in COS-7 cells. Glutathione- 
Sepharose beads without p21“'? were acted as controls and incubated with the CaLP. Input 
represented CaLP amount used in the experiment by being blotted with antibody of CaLP. (b) 
Phosphorylation assay of cytoplasm CaLP. Total CaLP were immunoprecipitated by GFP-Ab and 
the state of phosphorylation was detected by the Tyr-Ab. The lower panel represented the band 
detected by Tyr-Ab the same as CaLP. Mock indicated that no CaLP plasmid was transfected. (c) 
Co-IP of p21"? with nuclear CaLP and the phosphorylation state of the co-immunoprecipitated 
CaLP. After the immunoprecipitation with Abp21“'?, the nuclear CaLP was then blotted with 
antibodies of CaLP and Tyr. Mock indicated that neither p21’ nor CaLP plasmid was success- 
fully transfected 


site for potential phosphorylation both in CaM and CaLP. CaM could only be phos- 
phorylated by Src Kinase, while CaLP could be phosphorylated by many other kinases, 
including Lck kinase, IRK, and PDGFR kinase. Furthermore, we set the threshold of 
prediction as “medium stringency,” and results indicated that Y139 and S147 in the 
C-terminal globular domain could be phosphorylated in CaLP, while CaM couldn’t. 
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Table 2.8 Prediction of the phosphorylation sites of CaM and CaLP (P. fucata) with “low 
stringency” by Scansite 2.0 





Kinase group Kinase Score 
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Fig. 2.68 Diagram of amino acid sequence alignment from 79 aa to 161 aa for CaLP and 79 aa to 
149 aa for CaM 

The 3rd and 4th Ca”*-binding domains were boxed and indicated as loops III and IV; homologous 
and identical amino acids were indicated by dots and stars, respectively. Although the Y139 was 
highly conserved in sequence in both CaLP and CaM, the site of aa136 and aal37 was still variable 
in these two proteins, and these two amino acids may affect the phosphorylation ability of these two 
proteins via affecting protein’s secondary structure 


We’ve mentioned before that this domain took the control of the subcellular localization 
and translocation of CaLP at which Y139 and S147 were just located. As illustrated in 
Fig. 2.68, multiple sequence alignment was performed with some modification between 
CaM and CaLP. The alignment results indicated that despite that Y139 was conserved in 
CaLP and CaM, the site of aal36 and aal37 was greatly variable between the two 
proteins. What’s more, we could also infer that these two amino acids could affect the 
protein’s space configuration and then influence the phosphorylation ability of Y139 
based on the results from fluorescence confocal microscopy and point mutation [216]. 
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It is widely known that the transition of both active and inactive state could be 
obtained from various situation of nucleocytoplasmic shuttling, phosphorylation, 
and/or other processes involved in signal transduction [217]. The signal of tyrosine 
kinase has great effects on cell differentiation and growth. The studies of tyrosine 
phosphorylation in CaM are becoming more and more crucial, because CaM works 
as a significant factor that controls the two critical physiological progresses. It has 
been proven by reliable evidences that there are 2 Tyr phosphorylation sites as well 
as 12 Thr phosphorylation sites and 4 Ser sites in mammalian CaM [218]. It is 
notable that dephosphorylated and phosphorylated CaM maintains in balanced states 
in vivo and CaM is believed to quite probably be dephosphorylated [219]; however, 
there is little understanding about enzymes functioning on its dephosphorylation. 
Furthermore, the mechanism in CaM phosphorylation remains relatively unknown 
to some extent, although a lot of transportation systems and enzymes have been 
investigated in vitro [220-226]. The main differences of the phosphorylation reac- 
tions in various CaM lied in the affinity to other proteins and the kinetics of enzyme, 
but there is little report of the effect of phosphorylation state on the subcellular 
localization of CaM. The similar phosphorylation effects on the subcellular locali- 
zation between CaLP and CaM in P. fucata were demonstrated in this article. It 
could be proposed from the results of phosphorylation prediction and the point 
mutation that the CaM truly existed in a balance and dynamic between dephosphor- 
ylation and phosphorylation states; however, the Y139 in CaLP would guarantee a 
high phosphorylation state of CaLP so that it could be maintained in the cytoplasm. 
The great tendency of CaLP to be phosphorylated could be destroyed by CaLP139A; 
therefore, the subcellular localization of CaLP could be similar to that of CaM 
localizing in both nucleus and cytoplasm. 

It was proven that CaM’s function in regulation had great effects on cell cycle for 
CaM must attend two critical check points during cell cycle: the G/M transition as 
well as the G,/S boundary. A series of serine/threonine protein kinases, the activities 
of which were dependent on cyclin binding [227-229], named cyclin-dependent 
kinases (Cdks) were acting as crucial regulators during cell cycle. The activity of 
Cdks was highly associated with the progress of cell cycle, which could be regulated 
through many factors, and one of the most significant methods was binding with the 
cyclin-dependent kinase inhibitors (CKIs) combining with the cyclin/Cdk or Cdk 
complex so as to prevent the activation of the complex. In the CKIs, p21“'?’ was 
broadly studied. P21“?! could regulate the progression of G,/S and G,/M transition 
by combining with both Cdk2 and Cdk4. In this study, the transformation of cell 
cycle after co-transfecting with p21“? and/or CaLPY139A or CaLP might be 
caused by the direct connection of p21“?! to Cdk complex that was regulated by 
the interactions between CaLP and p21“'"’. There was a mutation of CaLP139A in 
the C-terminal region, which would influence the interaction between CaLP and p21 
a [49, 126]. According to the fact that CaLPY 139A failed to recover the cell cycle, 
it could be deduced that it was the critical C-terminal globular region that led to the 
failure in rescuing the cell cycle. 

Furthermore, it was proved from the FACS results that overexpression of CaM 
in P. fucata could indeed promote the arrested cell cycle to normal cell cycle, 
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coinciding with the results of early reports [230] in which radioimmunoassay 
method and dot blot hybridization were applied. It was found that CaM critically 
influenced the CHOK1 cells’ return to cell cycle from silent state arrested by an 
anti-calmodulin molecule W13. In Fig. 2.66, cell cycle could just get across Go/G, 
block with the help of overexpressed CaLP; however, the cell cycle couldn’t 
entirely recover. This phenomenon demonstrated that even though CaLP in 
P. fucata could bind with p21“'”, the signal transduction of CaLP still differed in 
mammals considering that this overexpressed CaLP couldn’t absolutely replace 
CaM in blocked cell cycles. 

There have been many examples of phosphorylation affecting the association and 
dissociation of two proteins. In the PDGF stimulation of skeletal muscle, the 
phosphorylation of Y521 on Muncl8c occurred along with the dissociation of the 
Muncl8c protein from Syntaxin 4 in a time frame consistent with Glut4 transloca- 
tion [231]. Another example is nucleophosmin (NPM)/B23. It is also a 
multifunctional protein in a wide amount of cellular functions phosphorylated by 
several different kinases such as nuclear kinase II and CK2. It was localized to 
centrosomes, but after the phosphorylation by Cdk2/cyclin E, it would dissociate 
from centrosomes [232]. Based on these evidences and our results on protein 
interaction between CaLP and p21“? in different fractions of cytoplasm and nuclei, 
we proposed a model to explain the interesting translocation of CaLP when 
co-transfected with p21’?! (demonstrated in Fig. 2.69): After the transfection with 
CaLP alone, the phosphorylation in the Y139 by some kinase affected the 
subcellular localization of CaLP and sequestered CaLP in cytoplasm in COS-7 
cells. But when co-transfected with p21“'', the overexpression of p21?! would 
trigger the dephosphorylation of CaLP, and the high affinity of unphosphorylated 
CaLP to p21“ would make the CaLP strongly combine with p21“'”’ and then enter 
into the nucleus. 





Fig. 2.69 A model explaining the translocation of CaLP when co-transfected with p21”! 

The left circle represented the COS-7 cells transfected with CaLP alone, and the phosphorylation in 
the Y139 induced the sequestering of CaLP in cytoplasm. The right circle illustrated the COS-7 
cells co-transfected with p21?’ and the CaLP. Overexpression of p21“'?’ triggered the dephos- 
phorylation of CaLP, and the high affinity of unphosphorylated CaLP with p21“'’ made the CaLP 
combine with p21?’ in nucleus 
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2.3.9 Cloning and Characterization of a Homologous Ca**/ 
Calmodulin-Dependent Protein Kinase PSKH1 from 
Pearl Oyster Pinctada fucata 


Many effects of Ca** signaling are regulated by the Ca**/calmodulin complex and its 
acceptors, the Ca**/calmodulin-dependent protein kinases, PSKH1 included. Studies 
of the proteins participating in the calcium metabolism in oysters will help us 
elucidate and demonstrate the mechanism of pearl formation. In this study, we try 
to describe the acquisition of a full-length PSKH1 cDNA isolated from pearl oyster 
Pinctada fucata. Oyster PSKH1 shares 48% similarity with rat CaM kinase I and 
65% homology with human PSKH1 according to their amino acid sequences and 
contains a calmodulin-binding domain. The results of semiquantitative RT-PCR and 
in situ hybridization indicated that oyster PSKH1 mRNA was highly expressed in 
gill epithelial cells and outer epithelial cells of the mantle pallial. These studies have 
provided important information and new prospects on the complex Ca** signaling 
mechanism of calcium metabolism. 


2.3.9.1 Cloning of the cDNA Encoding Oyster PSKH1 


A 470 bp size product was obtained by degenerate PCR strategies using mantle total 
RNA as atemplate. A BLAST search revealed that the product shared high similarity 
with human PSHK1. The full-length cDNA encoding oyster PSKH1 was obtained 
using a pair of gene-specific primers based on the 470 bp size sequence. By using 
touchdown PCR, 5’-RACE yielded a 5’ untranslated region (5’ UTR) and an 
N-terminus open reading frame (ORF) weighing 477 bp, along with 3’-RACE, a 
fragment weighing 719 bp and 3’ UTR. The full-length cDNA of oyster PSKH1 
weighs 1534 bp with the start site at nt 111 (ATG) and the stop codon at nt 1355 
(TGA). The deduced oyster PSKH1 protein consists of 415 amino acid residues 
(Fig. 2.70) with a calculated molecular mass of 47.151 kDa and a pI of 9.69. 


2.3.9.2 Motif Analysis of Oyster PSKH1 Protein 


The phosphorylation of CaMKs is critical for transducing intracellular Ca** signals 
[233]. Four classes of phosphorylation sites were identified in oyster PSKH1 protein, 
including 8 sites for casein kinase I [S-X-X-S/T (364-367, 367-370, 370-373, 
373-376, 376-379, 379-382, 382-385, 385-388, which occur near the C-terminus) ] 
[234], 3 sites for protein kinase A [R/K-X-S/T (75-77, 357-359, 372-374)] [235], 
15 sites for protein kinase C [S/T-X-R/K (61-63, 77-79, 171-173, 195-197, 224-226, 
342-344, 359-361, 364-366, 367-369, 373-375, 376-378, 379-381, 382-384, 
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Fig. 2.70 P. fucata PSKH1 
cDNA and the deduced 
amino acid sequence 
Coding cDNA is numbered 
on the left, and the deduced 
amino acid sequence is 
numbered on the right. A 
putative CBD is in boldface 
(amino acids 343-361). This 
cDNA sequence has been 
submitted to GenBank 
(accession number: 
AY818357) 
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385-387)] [236], and 3 sites for GSK3 phosphorylation recognition, including 
2 overlapping regions [X-X-S/T-X-X-X-S/T (358-364, 365-371, 368-374)]. There 
were four N-glycosylation sites (NFSK, NKTN, NSTK, and NKSN) [237], three N- 
myristoylation sites (GQRSNR, GLGITH, and GLSSTR) [238], and two glycos- 
aminoglycan attachment sites (KSAK and RSGR). 
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2.3.9.3. Analysis of Domains and Structure of Oyster PSKH1 Protein 


The protein—protein BLAST results through the NCBI website reveal that oyster 
PSKH1 shows high identity with human PSKH1 (65%) and human CaMKI (48%) in 
protein sequence. As shown in Fig. 2.71 a, sequence alignment reveals that oyster 
PSHK1 contains 15 invariant amino acid residues and 11 conserved subdomains 
within the catalytic core (80-334) of the CaMKs family [239, 240]. Subdomain I, at 
the N-terminus of the kinase domain, contains a consensus motif Gly-X-Gly-X-X- 
Ser-X-Val, a signature for the protein kinases ATP-binding region [241]. An invari- 
ant Lys88 lies in subdomain II which appears to be directly involved in the 
phosphotransfer reaction and possibly mediates proton transfer [240]. The highly 
conserved subdomain VI includes two invariant residues (Asp198 and Asn203) that 
lie within the consensus motif HRDLKXXN (named a catalytic loop, Asp198 is the 
key amino acid accepting protons). In subdomains VII and VIII, two conserved 
motifs “Asp-Phe-Gly” (residues 219-221) and “Ala-Pro-Glu” (residues 244-246) are 
commonly considered as the key protein kinase catalytic domain indicators 
[242]. Subdomains [X and X are poorly conserved subdomains except for Arg321 
in subdomain X. 

The striking similarity between oyster PSKH1 and human PSKH1 provides an 
approach for analyzing the domains and structure of oyster PSKH1. A sketch of the 
structure of PSKH1 (Fig. 2.71b) was drawn according to reported results for human 
PSKH1. Outside the catalytic domain, an Src homogenous domain 4 (SH4) motif 
(M-G-C-X-X-X-K) [243] was identified in the NH2-terminal region containing two 
amino acid residues Gly2 and Cys3, as the myristorylation and palmitoylation sites 
which were reported to be required for Golgi targeting [244] . Amino acid residues 
21-29 (NRGPRDPTK) harbor the core binding consensus for Src homology domain 
3 (SH3), in which I Src domain (R/K-X-X-P-X-X-P) and II Src domain (P-X-X-P- 
XR/K) cross. The motif was found to participate in several biological processes as 
diverse as signal transduction pathways, cytoskeleton organization, membrane traf- 
fic, or organelle assembly [244]. Studies of a double-truncated mutant of human 
PSKH1 (478-360, homologous to A62-339 of oyster PSKH1) suggested that a 
homodimerization domain is located on the conserved catalytic domain. A similar 
autophosphorylation process is determined by this domain on human PSKH1 
[242]. The C-terminus of oyster PSKH1 has a special domain which contains eight 
continuous CK1 phosphorylation sites. The speciality of this domain indicates that 
oyster PSHK1 is involved in cell division, DNA repair, and glycogen metabolism. 


2.3.9.4 Expression of Oyster PSKH1 mRNA in Tissues 


The function of oyster PSKH1 in vitro was studied by analyzing the expression 
patterns of PSKH1 in different oyster tissues using semiquantitative RT-PCR. A pair 
of specific primers (F3 and R3) was used to perform RT-PCR using mantle, gill, 
muscle, and gonad tissues. The 512 bp product was then inserted into the pGEM-T 
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Easy Vector and confirmed by sequencing. As shown in Fig. 2.72, PSKH1I mRNA is 
expressed in all tested tissues, with higher expression in mantle and gill tissues. 

The expression locations within different tissues were detected by in situ hybrid- 
ization. Strong PSKH1 hybridization signals are detected in the outer epithelial cells 
of the middle fold of the mantle, the outer epithelial cells of the inner fold of the 
mantle (Fig. 2.73a), and the epithelial cells of the gill (Fig. 2.73b). Some interesting 
positive signals also occurred in the outer epithelial cells of the mantle pallial but was 
absent in the outer fold of the mantle. Although some positive signals were also 
observed in muscle and gonad, their intensities were too weak (data not shown). 
Hybridization with the control sense probe yielded no hybridization signals (data not 
shown). 

Sequence alignment revealed a high homology between oyster PSKH1 and 
CaMKs, which indicates possible similarities in their domain structure and func- 
tions. The CBD, an important domain for CaMKs’ activation by Ca**/CaM [245], 
was not obvious within the deduced amino acid sequence of oyster PSKH1. Com- 
puter predictions suggested that a stretch oof 19 residues 
(NKNLHRTISQNLIHRQSTR, amino acids 343-361, Fig. 2.70, boldface) can 
form an amphiphilic o-helix, which is a typical CBD structure (Fig. 2.71b). 
Human PSKH1 studies [242] suggest that its autophosphorylation takes place 
between amino acids 372 and 381, corresponding to residues 351-359 of oyster 
PSKH1 which is inside the putative CBD, implying the possibility that Ca**/CaM 
binding is regulated by autophosphorylation [246], as has been proved in other 
CaMKs [247-249]. Actually, the autophosphorylated residue between residues 
351 and 359 is limited to Ser351 of oyster PSKH1. The presence of the CBD in 
oyster PSKH1 indicates that PSKH1 plays a role in translating and coordinating the 
dynamic second messenger, Ca**, into the appropriate cellular responses via phos- 
phorylation [250]. Many CaMKs have a primary amino acid sequence (the 
autoinhibitory domain, AID) partially overlapped by the CBD that interacts with 
and inhibits the conserved catalytic domain [245]. However, since PSKH1 does not 
attach to any of broad-range substrates in vitro, the determination of the AID in 
PSKH1 is complicated [242]. Further studies are needed to describe the domain 
structure of oyster PSKH1. 

Pearl formation is a complex process, involving the uptake, transport, and 
recruitment of Ca**. The oyster mantle is the key organ responsible for calcium 
metabolism and mineral processing in pearls [113]. The strong hybridization signals 
of oyster PSKH1 in the outer epithelial cells of the middle fold and in the inner fold 
of mantle further validate the semiquantitative RT-PCR results. Previous studies 
proved that CaM, an activator of CaMKs, may participate in the process of shell and 
pearl formation [52]. Compared with the CaM mRNA signals in the mantle, an 
especially high expression of oyster PSKH1 mRNA occurs in the outer epithelial 
cells of the mantle pallial, a key tissue involved in nacreous secretions [251]. The 
oyster PSKH1 mRNA is also highly expressed in epithelial cells of the gill, a major 
organ for calcium uptake from external medium. Changes of the intracellular Ca** 
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Fig. 2.71 Analysis of domains and structure of oyster PSKH1 protein 


(a) Alignment of the catalytic core of members of the Ca2+-/CaM-dependent protein kinases family 
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concentration are decoded by its binding proteins and their following acceptors such 
as the CaMKs [250], which phosphorylate and regulate multiple cellular targets that 
contribute to neurotransmission, neuronal plasticity, cell excitability, gene expres- 
sion, cell secretion, and cell shape [252, 253]. The distribution of the PSKH1 mRNA 
in oyster tissues indicates that PSKH1 may play an important role in the complex 
calcium signaling pathways in oyster calcium metabolism during pearl formation. 
However, the detailed mechanism needs further study. 


2.4 The Identification and Function Analysis of Calcineurin 


2.4.1 Cloning, Characterization, and Immunolocalization 
of Two Subunits of Calcineurin from Pearl Oyster 
(Pinctada fucata) 


Calcineurin (CN) containing a catalytic subunit (CN A) and a regulatory subunit 
(CN B) is a multifunctional protein engaged in many important physiological 
processes. Here, we obtained the two subunits of CN (Pf-CN A and Pf-CN B) 
from pearl oyster Pinctada fucata and, for the first time, reported its expression 
and distribution patterns in different developmental stages and its enzymatic activity 
as well as the immunolocalization in various tissues of adult oyster. The Pf-CN A 
was widely located in all of the tested tissues including the mantle, digestive gland, 
gills, gonad, foot, and adductor muscle, also with strong signals detected in the gill, 
gonad, mantle, and foot. We must notice that Pf-CN A was mainly detected at both 
lateral surface of inner mantle fold and the inner epithelial cells of basal periostracal 
groove, two places responsible for shell construction and periostracum formation, 
respectively. What’s more, strong signals were also detected in the base of gill 
filaments and epithelial cells of the branchial filaments. Taken all results together, 
we suggested that Pf-CN may participate in the whole development in P. fucata and 
play crucial roles in many different physiological activities, especially shell forma- 
tion. Our research could provide important prospects to get better understandings of 
biomineralization. 


ec, 


Fig. 2.71 (continued) with the corresponding region of oyster PSKH1. The 11 conserved 
subdomains of CaMKs in the sequences including oyster PSKH1 are indicated by Roman numerals. 
dMLCK, Dictyostelium discoideum myosin light-chain kinase; mCaMKIV, rat calctum-/calmodu- 
lin-dependent protein kinase type IV; mCaMKI, rat calcium-/calmodulin-dependent protein kinase 
type I; hPSKHI, human PSKH1; pfPSKHI, P. fucata PSKH1. (b) Putative domain structure of 
oyster PSKH1. ABR, ATP-binding region; CBD, calmodulin-binding domain; SH3, Src homology 
domain 3; SH4, Src homology domain 4 
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Fig. 2.72 Expression of Lane 5 4 3 2 1 

Pinctada iaa TT 

Pinctada fucata 512 bp 
Semiquantitative RT-PCR = 

was done with RNA a yee pee yee 288 rRNA 
samples from the adult ) —— : 
tissues of pearl oyster. The 
PCR product (512 bp) is ene 
indicted by an arrow with 
the relative intensities of the 
bands evaluated by 
densitometry. The 28S 
rRNA was used as a control 
of equal quantities of total 
RNA used in RT-PCR. Lane 
1, mantle; lane 2, gill; lane 
3, muscle; lane 4, gonad; 
lane 5, negative control 
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2.4.1.1 Cloning and Sequence Analyses of the Oyster Pf-CN A 


We obtained the 783 bp Pf-CN A cDNA fragment by RT-PCR from the mantle of 
P. fucata with two degenerate primers APF and APR. Based on this confirmed 
sequence, we designed and synthesized two gene-specific primers A3RSP and 
ASRSP for 3'-RACE and 5’-RACE, respectively, to amplify the unknown nucleotide 
sequence of 3’- and 5’-terminal cDNA. Then another two specific primers ACF4 and 
ACR2 were applied to confirm the sequence spliced by RACE. The PCR products 
were then cloned and sequenced, which matched well the sequence obtained earlier. 

The complete 2043 bp cDNA sequence of Pf-CN A consisted a 1461 bp ORF, a 
436 bp 3’ untranslated sequence, and a poly (A) tail of 14 nucleotides as indicated in 
Fig. 2.74a, which was successfully submitted to GenBank with the accession 
no. EU797510. The deduced CN A protein encoded a 487 amino acid protein with 
a calculated molecular mass of approximately 55.2 kDa and a predicted isoelectric 
point of 5.68. Pf-CN A showed 78%, 80%, and 92% identities to other CN A 
homologs from human, African clawed toad, and scallop, respectively 
(Fig. 2.75a). Multiple amino acid sequence analysis run on BLAST showed that 
Pf-CN A had a typical primary structure of CN A proteins in other species. The well- 
conserved amino acid domains in CN A protein comprised a catalytic domain (aa 
40-314), a CN B-binding domain (aa 326-370), and a calmodulin (CaM)-binding 
domain (aa 389-415) as well as an autoinhibitory domain (AI) (aa 459-480). The 
COOH and NH; termini of CNA showed high variances between species even CN A 


2.4 The Identification and Function Analysis of Calcineurin 143 





Fig. 2.73 In situ hybridization of oyster PSKH1 mRNA in the mantle and gill of Pinctada fucata 
Hybridization signals (arrow) were observed in epithelial cells of the middle fold and of the inner 
fold of the mantle (a) and in the gill epithelial cells (b). Signals also occurred in the outer epithelial 
cells of the mantle pallial (a). Magnifications are 25 x. IF inner fold, MF middle fold, OF outer fold, 
PM mantle pallial 


genes inside same organism [254]. CN A has been classified into three categories: a-, 
B-, and y-type in mammals. The first one, CN Aw isoform, known as brain-type, is 
extensively distributed; a conserved character of an N-terminal polyproline motif is 
found in AB isoform, and Ay is specifically expressed in the testis of mouse [255] 
and human [255]. Although CN A was isolated from the scallop testis, the high 
similarity with mammalian brain-type CN made it a brain-type instead of a testis- 
specific isoforms [256] in mollusk. Multiple CN A sequence alignment between 
Mizuhopecten yessoensis and P. fucata exhibited relative high identities of 
C-terminus, N-terminus, CN B-binding domain, catalytic domain, AI domain, and 
CaM-binding domain as 62.5%, 66.7%, 93.3%, 93%, 95.5%, and 88.9%, respec- 
tively (Fig. 2.79a). Another interesting thing was that the linker sequence between 
CN B-binding and catalytic domain, as well as the linker between AI domain and 
CaM-binding, was 100% and 97.9%, respectively, while the linker region between 
CaM-binding and CN B-binding domain exhibited lower sequence consistency. 
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=1295 TATGCAAATAAGATGTIGACAACGOCATCTIGAATCOGTT 
=89 TOTTTACCAACGAGAAT OGGGG CGA ATCT TAAAGACTACOTOCCATCATTOGCAC COST TOSTGOTTTICATAAATCTOAAGCECCAAT 
1 MA TTDSs KIseT T EC RYVYV¥KA ¥ S$ F FP FP § BA RL 8S HH OE 
1 BISSCAACAACAGATTCTAAGATNICAMOGICOGAANOCOTOCTCAAADATGTITOOTTTCOOCCAAGTCACOOTCTITCTATGAATGAN 
31 DAK GK P R SSDP RDUREKCHNE Tere rGreRev Lt cepa aoa 
al A A TO roa SEE RRO RCO TOT AECTTT ROG 
61 IIWE GAA LLRQ EK TM IDI EA PVYTV ¢G DIAS 
181 ATTATAAATGAAGGOAGCAGCT CTT TTACGGCAAGAGAAARACAATGATIGATATIGAGGCACCTEGITACAST TTGTOGAGACATTCATGGC 
9] OCF YD Se DoS ev SSeS Ps ror RYE Fea Spire wv DRS 
271 CAATTTTATGACCTTATGAAATTATTTGAGGT TGGAGGACCTCCCT CAACAACT CGCTACCT CTTCCTAGGAGATTATGTGGACAGGGGC 
121 ¥Y FS If CV DY rW A LK FL HP? TF FLL RG NH Ff ¢ 
361 TACTTTAGCATAGAATGTGTATTATATATTTGGGCTCTGAAGATTCTTCATCCAACAACATTTTTCCTCCT TOGTGGAAACCATGAATGC 
151 ROR oT Ee YU TOF Ko EL Cik EK yO Toe KoV_Y_ DLA LC OM ECALE 3 
451 AGGCATTTARCAGAATATTICACATTTAAACAAGAATOTAAASTAAASTACACAGA AAA AGTATATGATOCATOCATOOSALCATTITGAT 
181 CLEPLAALNNOOQOQELCVHEGCGGOLSPEIHTLUDDIR 
541 TGTCTACCTTTAGCAGCT TT AATGAATCAACAGTTTT TATGTGTCCATGGTGGACTTTCACCAGAAATCCATACATTAGATGATATAAGA 
211 KL DRFEKEPPAFGPMCDILLWSDPLEODEGT ERK 
631 AAGTTGGACAGATTCAAAGAACCTCCAGCATT TGGTCCAATGTIGTGACCTATTATGGTCTGATCCACTAGAAGACTTTOGTACAGAGAAA 
241 OSTE CHOE TOH RTS V REG COS YOE YTS Y EK C C DEPE 0-0 NN 
721 CATCAGAACATTTTACTCATAATAGTOTTAGAGGTIGCTCATATTTITATAGCTATGCAGCATGTIGIGATTITTIGCAACAGASTAAT 
271 LLSITYRAWEAODAGCYRMYRES OTP OGOFE SLE 
611 TTATTGTCAATTATTAGAGCACACGAAGCACAAGATGCTGGOCTACAGAATGTATAGGAAAAGT CAGACTACGGGATTCCOGTICTCTCATC 
301 TORFS RA TEPER TTET DE TFH EKE A A I L KYENNVMHN I R 
301 ACTATTTTCTCAGCACCGAATTATTTAGATGTATACAATAATARAGCTGCCATATTAAAGTATGAAAACAATGTGA 

331 

991 ; 

361 MLVNVLNICTDEELVTEEDEALEGTDEDGA 
1081 RYGctcG GAatalGTTAAATATATGUACAGATGAAGAGT TAGTCACAGAGGAAGA TGAAGCATTAGAAGGAACTGATGAAGATGGOGCT 
391 YT AA RF KE EVFIiK WKIRA IT GK HA RV PPP PRE CE S85 (&€-E 
1171 GTIGCTOCAAGAAAAGAAGTCATCARAAACARAGATCAGAGCCATTGOAAASRATOOCTOSAGTATICACTONGOTGAGCGAAGAASGT GAA 
afl 5 V¥VLOQ@LKEGLTFPAWGLLELEGA LSB G&G GK DT L KSA LD 
1261 AGTGTTCTACANCTCANGGGACTTACTOCRAATGGTCTCCTTOCTTTGGGAGCATTGTCAGGAGGCAARGACACTTTAAAAAGTGCICTT 
451 

1351 

481 

1441 : T 

1465 GGAAGGCUCAATAATAGAGOCT TAGACTCAATOIGGAGCTOOTCTCATCTOGACATCAACTGCAATACATAACAAAAGOC GAGT | CCTGCA 
1554 CACTCAGCTGGTCAAGACATCAACCTTCTTCAATTCCATTT TATOCAGTCTAAGTGT TTCTCTAGGCTATCCCAT TGTTGGGATGAACT 
1643 TCAAGTGATAGATAGTTACATATCCCAGGCACTAGCCTOOOGATOTTITATGAACTIGGOTTOCAAGAACTTGAGTTCCATCAGGOTACSTC 
1732 TUCTTITGGAGCATCCTIGATTTGIICTAGTCATCIGICOIATCATGCIGATATGATGICCTGACTOCIOTIGOCCAGCTCATIGTCAGGAGAT 
1821 TTTGTTCATGITGTAGATATTTTGOTTGOCATGCADOAATTACGOAGATTTATTGACTOTATGATACAAGCTTGTOCTTCTOCARMAARAAAAA 
1910 ABAAA 

B 

-2 GOGATGTAMATTTTGTAGTTCGATCAACACAGACTTCACCTAACCOTGITTCACAMATAGTTTTAGCAGOAANMSGAMGTAAMAA 
1 MH GWNWNHEWSsSiLPWMHEL €C S&S N F DA DEI KROL G EK ER FEF R E IL 
L [ATGOGAAATGAAAATTCCTTA COCATGGAACTATGOTICASACTTIGATOUAGATOASAT CAAAAG SC TAGSTAAAAGATTTOSAASAT Ts 
31 D L SRSCTSIoevomeeEM SLPELGQ@NPLVOQORVI D 
al GATTTAGATAATTCOGGATCTTTGAGTGTAGAOGAATTCATGTOCTTAOCAGAATTACAACAGAATCCACTGGTGCAAOGAGTGATAGAT 
6l I FDTDGNHGEVDFKEPIEGVSQFSYVY¥YKGDKL 8 
181 ATATTTGACACGGACGGTAACGGGGAAGTAGAT TT TAAAGAGT TTATAGANGGGGTT TCACAATICAGTIGTARANGGAGATAAGCTTICA 
91 K LR FA F EK I Y D h LFO V L KMHM Y¥ 
271 AMACTTAGATICGOCATTTAMAATTITACGATAT ATATCAAN SAGCTATTTCAGGTGTIGAAAATGATGGTC 
121 GNNLKDTQLOQOIVDKTITHA 

361 GGAAACAATTTGARAGACACT CAAT TACAACAAATAGTAGATAAAACAATAACTCACGCTGATACCGA0GG TGACGGAAAAATCTCATTC 
151 MC ARC CVV GNM ODVHEKEKEMVV DV l 

451 GAGGAATTCTGTGOCOGTTGTTGOAAATATOOACGTTCACAAAAAATOO DGG TAGACKG: 

514 TAGAGAAATCCAT TTAATGCTAACTTATTCCCATGACATTTTTABAATTTCAATCCATTCAAATATTTGACTTICAATACCAGGTIGTIT? 
603 GAGTGTGAAGTACATTTAAAGTGAAATGACAGCAAATGTGOAACGGCAGTAGTTTATGAATIGCTTTCTATGGTIGATAGTTAAATCCTT 
692 TGATAASSTTGCOCTTACCTTTGGTAAATIGTGCTAAATTABRATGCATTATGTAATTIGTTCATAGTITITICTGITTTGGACTAAGGAC 
781 ACATCAAAATCAAMAAAAAAAAAA 


Fig. 2.74 cDNA sequences and deduced amino acid sequences of calcineurin two subunits: Pf-CN 
A (A) and Pf-CN B (B) in P. fucata 

Pf-CN A possessed a putative catalytic domain (shaded), a CN B-binding domain (underlined), a 
CaM-binding domain (in bold and italicized), and an autoinhibitory domain (double underlined). In 
CN B-binding domain (underlined), two putative residues T and V (white on black shade) were 
essential for Pf-CN A interaction with FKRP and cyclophilin; the four EF-hand-type calcium- 
binding sites from | to 4 in Pf-CN B were light shaded, underlined, double underlined, and black 
shaded, respectively. GenBank accession numbers for calcineurin A (EU797510) and calcineurin B 
(EU797511) 
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Fig. 2.75 The construction of the phylogenetic tree of P. fucata calcineurin A and B with those of 
other species 

The tree was produced by the ClustalX program. GenBank accession numbers for these amino acid 
sequences of calcineurin A were as follows: PfCA, CN A [Pinctada fucata] (GenBank accession 
number EU797510); MyCA, CN A [Mizuhopecten yessoensis| (BAA94542); BmCA, CN A 
[Bombyx mori|(NP_001037025); DmCA, CN A [Drosophila melanogaster|(CAA54807); HsCA, 
calcineurin A P isoform [Homo sapiens] (EAW54496); BtCA, protein phosphatase 3, œ isoform 
[Bos taurus] (NP_777212); RnCA, calcineurin A a [Rattus norvegicus] (BAA14083); XICA, CN A 
[Xenopus laevis] (BAB19673), CeCA, abnormal CHEmotaxis family member (tax-6) 
[Caenorhabditis elegans| (NP_001021292); DsCA, CN A [Dictyostelium discoideum] 
(CAA65935). GenBank accession numbers for amino acid sequences of calcineurin B are as 
follows: PfCB, [Pinctada fucata] (EU797511); MyCB, CN B [Mizuhopecten yessoensis] 
(BAA94543); BmCB, CN B [Bombyx mori] (NP_001037026); DmCB, calcineurin subunit B 
2 isoform [Drosophila melanogaster] (Q24214); HsCB, calcineurin 3 B p isoform [Homo sapiens] 
(NP_671709); BtCB, calcineurin 3 Boal isoform [Bos taurus] (NP_777008); RnCB, calcineurin 
3 Ba isoform, type 1 [Rattus norvegicus] (NP_059005); XICB, CN B [Xenopus laevis| 
(AAH82858); DsCB, CN B [Dictyostelium discoideum] (CAC20026); CeCB, calcineurin B-1 
isoform [Caenorhabditis elegans| (AAO33925) 
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Furthermore, the NH> terminus of Pf-CNA was not as rich in proline as that CNA 
B-isoform [257-259] in mammalian. Additionally, asparagine and glutamine were 
also not abundant in Pf-CNA but in Dictyostelium discoideum CN A [260]. However, 
the Pf-CNA from mantle shared no typical or significant similarities with those from 
mammalian isoforms; it showed highly homologous to the brain-type scallop CN A, 
which could also be explained by the speculation that the isoforms from mamma- 
lians appeared after the divergence of mammalian from the mollusks and then 
diverged rapidly for specific functions in the testis, brain, and other tissues [256] 
from the evolution standpoint. 

Cyclosporin A [261] and tacrolimus (FK506), as two most commonly used 
immunosuppressants, could potently inhibit the activity of phosphatase according 
to Klee et al. These two compounds could specifically bind with their cellular 
receptors, cyclophilin and FKBP, respectively, to form a complex to interact with 
CN B-binding domain of CN A and further induce dramatic bone loss through the 
block of CN [262]. Thr [345] and Val [348] were two typical putative residues 
important for interaction with cyclophilin and FKRP in Pf-CN A’s CN B-binding 
domain. 


2.4.1.2 Cloning and Sequence Analyses of the Oyster Pf-CN B 


The 171 bp product of Pf-CN B was amplified by RT-PCR with two degenerate 
oligonucleotide primers (BFP2 and BRP2) with the template of total mantle RNA. 
Based on this sequence, another two gene-specific primers B3RF2 and BSRR2 were 
designed to amplify the 3’- and 5’-terminal nucleotide sequence of the putative oyster 
CN B cDNA. Then two specific confirming primers BCF2 and BCR2 in accordance 
with the 5’ and 3’ UTR sequence of putative CN B were specially synthesized to 
confirm the sequence obtained from RACE. The PCR products were subcloned to 
pMD19-T vector and then sequenced, which matched well with the sequence 
expected earlier. 

The complete cDNA sequence of CN B containing the poly (A) tail was 886 bp in 
length, an 82 bp 5’ untranslated region and a 278 bp 3’ untranslated region also 
included, as Fig. 2.74b showed, which was further successfully submitted to 
GenBank with the accession no. EU797511. The deduced 170 amino acid Pf-CN 
B protein comprised 4 conserved EF-hand-type calcium-binding motifs, EF-1 (aa 
33-43), EF-2 (aa 64-73), EF-3 (aa 101-111), and EF-4 (aa 141-153), with a calcu- 
lated molecular mass of approximately 19.2 kDa and a predicted isoelectric point of 
4.60. The sequence of oyster CN B shared intensive similarities with those of CN B 
from amphibian, mollusk, and mammalian (90% to African clawed toad, 98% 
identity to scallop, and 78% to human), as indicated in the phylogenetic tree analysis 
from Fig. 2.75b. The high conservation percentage throughout evolution from yeast 
to mammalians enabled it an important functional interchange of CN B subunits 
between N. crassa and mammalian [263]. 
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2.4.1.3 Gene Expression Profile of Pf-CN A and Pf-CN B 
in Developmental Stages of P. fucata 


CN has been proved to play critical roles during development and differentiation 
[254]. Semiquantitative PCR was performed to analyze the relative expression level 
of Pf-CN A and Pf-CN B during various developmental stages in pearl oyster 
(fertilized egg, cleavage, gastrula stage, D-shaped larval stage, attachment stage, 
and adult). Both two CN subunits expressed constitutively with only a small 
fluctuation in quantity during the different developmental stages of oyster 
(Fig. 2.76). The expression of the two Pf-CNA and Pf-CN B subunits increased in 
accordance with the developmental process from fertilized egg to gastrula but 
underwent a decrease from D-shaped stage to adult. Meantime, the change of 
Pf-CN B was almost synchronized with Pf-CN A in every detected stage. The intake 
of food and shell formation was the symbol of D-shaped larval stage, while the start 
of byssus secretion indicated the beginning of the attachment stage. These results 
suggested that the important roles CN played during the development of pearl oyster. 


2.4.1.4 PP2B Activity 


The CN enzymatic activity in the tissues of P. fucata, including the gonad, gill, 
hemocyte, foot, mantle, and adductor muscle, was shown in Fig. 2.77, which was 
identical to our immunolocalization analysis (see below). The highest level of CN 
activity appeared in the gonad. Moreover, the activity was also relatively higher in 
the hemocyte, gill, mantle, and foot than that in the viscera or adductor muscle. In 
scallop, CN A mRNA expression level in the testis was significantly higher than that 
in the mantle, digestive gland, and gill [264], which was consistent with our findings 
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Fig. 2.76 Relative expression level of the Pf-CN A and Pf-CN B in six various developmental 
stages in P. fucata 

RT-PCR was performed to analyze the expression of Pf-CN A and Pf-CN B in different develop- 
mental stages in P. fucata. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as a widely 
known housekeeping gene, was used as a positive control. This was the representative of three 
repeated independent RT-PCR analysis results 
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Fig. 2.77 Calcineurin enzymatic activity in different tissues from P. fucata 

Each assay was repeated three times based on tissue preparations. Results expressed as means + SE 
were analyzed using one-way ANOVA at the 5% level. Values with dissimilar alphabetic letters 
differed significantly (p < 0.05) 


on CN enzymatic activity just showed. Our group has successfully isolated and 
identified a novel calmodulin-like protein with an extended tail at the C-terminal 
from the mantle of P. fucata [24, 196]. Since CaM was the pivotal regulator of CN, 
we intended to investigate the potential interactions between CN and CaLP in further 
research. Therefore, immunohistochemical analysis was performed to gain the 
precise distribution of Pf-CN in P. fucata. 


2.4.1.5 Immunolocalization of Pf-CN A 


Immunohistochemical analysis was carried out to better analyze the Pf-CN distribu- 
tion pattern in different tissues from P. fucata. Figure 2.78 implied that CN A was 
located in tissues including the gonad, gill, digestive gland, adductor muscle, mantle, 
and foot. No obvious immunostaining was detected in control groups (data not 
shown). 

Strong positive immunostaining signals were detected in all surfaces of inner, 
middle, and outer mantle folds, especially in outer epithelial cells of the outer and 
middle fold near the base of the periostracal groove, the epithelial cells of the middle 
fold edge, as well as the epithelial cells of lateral but not medial surface of the inner 
fold (Fig. 2.78a). The mantle has always been considered as the crucial tissue 
participating in shell regeneration and formation [74, 265]. Epithelial cells in this 
tissue are supposed to secret matrix proteins, regulate the transportation of various 
metal ions through ion channels, and help establish a supersaturated environment in 
extrapallial cavity for further biomineralization-related processes. What’s more, 
epithelial cells from the base of periostracal groove also control the secretion of 
some organic macromolecules for the formation and thickening of the periostracum 
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Fig. 2.78 Immunohistochemical localization of CN A in different tissues in P. fucata [268] 

(a) Mantle; (b) gonad; (c) adductor muscle; (d) gills; (e) viscera; (f) foot. Immunostaining signals 
were indicated by arrows. Bars 100 um in (b), (c), and (f), 50 um in (d), and 200 um in (a) and (e). 
PG periostracal groove, SP spermatogenic duct, L lumen, ZF inner fold, MF middle fold, OF 
outer fold 


[266], covering the shell surface to protect oysters and forming a compact compart- 
ment of scaffold [18] for further shell formation. Moreover, there are a large number 
of intercellular ion channels and Ca°* channels [267] in the mantle, responsible for 
the regulation of various ion transportations for shell formation. Since Pf-CN A was 
mainly detected in lateral surface of the inner fold and basal periostracal groove, 
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Fig. 2.79 Multiple sequence alignments of Pf-CN A (A) and Pf-CN B (B) with those in other 
species 

For abbreviated protein names, see the legend of Fig. 2.75. O, identity; :, close similarity; -, more 
distant similarity 


there was strong possibility that it may be involved in shell formation. CN has been 
proved to be engaged in bone formation (another example for biomineralization) by 
regulating the expression of related genes in mammals. Thus, further investigation 
needs performing to demonstrate whether the CN in mantle from mollusk could also 
achieve the same physiological functions. 

Strong positive immunostaining signals appeared in the epithelia of the sper- 
matogenic duct in the gonad (Fig. 2.78b). CN Ay, known as a testis-specific isoform, 
reached its highest expression level immediately after meiosis [269] in mammals, 
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also detected in the nuclei of both elongated and round spermatids [270], as well as 
the postacrosomal region and the flagella of mammalian spermatozoa [271]. These 
results indicated that testis-specific calcineurin is associated with spermatogenesis. 
However, the particular functions of Pf-CN in gonad still remain further 
investigation. 

As we could see from Fig. 2.78d, strong signals were observed in the base of gill 
filaments and epithelial cells of branchial filaments. We’ve already known that the 
gills in bivalve contained a series of demibranchs and each demibranch possessed 
two lamellae, which were formed by rows of ciliated filaments [272]. The gills of 
aquatic mollusks were important interface for the uptake of various ions from its 
surroundings [273]. After absorption, the dissolved ions would be quickly 
transported to other organs through blood or pericardial fluid [274]. Generally 
speaking, most of the Ca** absorbed from external environment [107, 108] were 
utilized and circulated with the help of gill during biomineralization. Then calcium 
should be stored and transported to certain biomineralization place for further shell 
formation. In gills of freshwater mussels (Anodonta, Unio, Ligumia), there were 
detected remarkably high levels of calctum concretions [275]. In this paper, the 
strong hybridization signals detected in gill inspired us to determine its crucial roles 
in uptake and accumulation process of calcium [268]. 

In summary, we isolated and identified two highly homologous cDNAs of CN 
from P. fucata, named as Pf-CN A and Pf-CN B, respectively. Expression analysis 
of these two genes indicated that their expression was sustained during the whole 
developmental stages in P. fucata. The immunolocalization and enzymatic activity 
assay indicated that CN was extensively distributed in all the tested tissues. Our 
findings would provide some novel thoughts on its unique functions during biomin- 
eralization as well as the comparisons between mollusk and other species, like 
mammalians. 


2.4.2 Calcineurin Plays an Important Role in the Shell 
Formation of Pearl Oyster (Pinctada fucata) 


Calcineurin (CN) is a multifunctional protein engaged in many important physio- 
logical processes in mammalians, but its function still remains largely unknown. In 
this paper, the changes of enzymatic activity of CN were determined during the shell 
regeneration in Pinctada fucata with the help of shell regeneration system. CN was 
activated immediately and continuously in this process. The microstructures of inner 
shell surface were closely observed by SEM after the inhibition of CN with intra- 
muscular injection of the immunosuppressant inhibitor cyclosporine A (CsA), and 
the growth speed of shell regeneration was also measured. Results indicated that the 
regeneration speed was delayed at first and crystal (including both calcite and 
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aragonite) morphologies also turned abnormal after CN’s inhibition. Moreover, the 
expression of P. fucata BMP-2 in mantle exhibited the same decreasing trend after 
the injection of CsA. In vitro secretion level of proteoglycans (PGs) in primary 
mantle cells was also decreased when cells are exposed to CsA. All these results, for 
the first time, indicated that CN participated in shell formation mainly through 
regulating the expression of Pf-BMP-2, which controlled the secretion of PGs/GAGs 
in mantle. 


2.4.2.1 The Quick Response of Enzymatic Activity of CN to the Shell 
Injury and to CsA 


The quick enzymatic activity responses of CN to shell injury were detected 
(Fig. 2.80). At 12 h in incising group (Ic) or 6 h in incising with vehicle (used for 
dissolving the CsA) injection group (Ic + V) post-shell injury, the enzymatic activity 
of CN gained an increase and reached the maximum at 36 h (Ic and Ic + V), while 
this index in incising with CsA injection group (Ic + CsA) underwent a decrease at 
6 h post-shell injury and declined to the minimum at 36 h. This indicated that CN 
could be immediately activated soon after shell injury, and this kind of mobilization 
could be significantly stopped (p < 0.05) by CsA. In the meantime, vehicle would 
not effect the enzymatic activity. 


pmol phosphrate released/min/mg protein 





Hours after treatment 


Fig. 2.80 The quick response of CN enzymatic activity to CsA and shell injury 

Values (means + SE, n = 3) from group Ic, Ic + CsA (20 pg/g of pearl oyster), and Ic + V were 
analyzed at the 5% level at particular time point. Different lowercase letters indicated significant 
difference (p < 0.05) 
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2.4.2.2 The Changes of CN Activity During the Shell Regeneration 
and Influence of CsA 


The enzymatic activity of CN was measured after shell injury at particular time point 
to detect its responses in long-term shell regeneration process (Fig. 2.81). The results 
indicated that its enzymatic activity gradually increased and reached the top 6 days 
(Ic and Ic + V) after the removal of shell edge, then keeping a higher level during the 
26-day regeneration process. However, the injection of CsA after the initiation of 
shell regeneration led to a decrease on the activity of CN, which was continuous 
within the whole detecting stage. This trend indicated that CN could be rapidly 
stimulated after shell injury and sustained a high expression level within the whole 
testing period, but this stimulation could be interrupted instantly by CsA adminis- 
tration. The vehicle used for dissolving CsA had no obvious effects on enzymatic 
activity. 


2.4.2.3 The Effect of CsA on the Speed of Shell Regeneration 


Fifteen individuals in every group were treated as only incising and incising only 
with one time injection of CsA to measure the normal speed and the effects of CsA 
on regeneration speed, respectively (Fig. 2.82). The length of the regenerated shell in 
two groups was measured at particular time point 6 days after injury, which was 





Od 2d 6d 10d 14d 26d 
Days after treatment 


pmol phosphrate released/min/mg protein 


Fig. 2.81 Changes of enzymatic activity of CN during shell regeneration and under the influence of 
CsA 

Values (means + SE, n = 3) from group Ic, Ic + CsA (2.5 pg/g of pearl oyster), and Ic + V at each 
time point were measured at the 5% level. Different lowercase letters indicated significant differ- 
ence (p < 0.05) 
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Fig. 2.82 The normal speed of shell regeneration and the effects of CsA on regeneration speed 
Two groups of animals were treated with and without CsA injection (20 ug/g of pearl oyster) after 
shell injury. Values indicate the means + SE (n = 10) 


increasing continuously over time during the whole detecting period (Fig. 2.82). On 
the contrary, the injection of CsA significantly delayed the regeneration speed 
(p < 0.05). The average increased length of the incising group was 0.22 mm/day, 
while the injection of CsA inhibited this speed to 0.13 mm/day. It was interesting to 
see the final increased length of the regenerated shell in two groups was equal. And 
the length difference between them was primarily because of the inhibition of CN 
caused by CsA injection, which was in consistent with the tendency of CN activity 
during 26 days after the initiation of shell regeneration. It seemed that CsA mainly 
function at the initial of shell regeneration. 

Fourteen days after treatment, the lengths of regenerated shell in groups of 
incising with both two times and seven times CsA injection were shorter than 
those in other groups of incising with/without two times and seven times vehicles 
of injection (p < 0.05) in Fig. 2.83. And the lengths of five groups at 26 days after 
treatments exhibited almost the same trend as those at 14 days after treatments. 
The lesser amount of CsA injected, the faster the regenerated shell would grow. 
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Fig. 2.83 The dose effect of CsA on the regeneration speed of shell 

The quantity of CsA injected was 2.5 ug/g of pearl oyster, and the same volume of vehicle was 
injected as control. Jc incising group. Ic + CsA 2t incising with two times CsA injection every other 
day from day 0 to day 4. Jc + V 2t incising with twice vehicle injection every other day from day 0 to 
day 4. Ic + CsA 7t incising with seven times CsA injection every other day from day 0 to day 14. Ic 
+ V 7t incising with seven times vehicle injection every other day from day 0 to day 14. Values 
(means + SE, n = 14-16) from all groups at 14 and 26 days were analyzed at the 5% level. Different 
lowercase letters indicated significant difference (p < 0.05) 


2.4.2.4 The Effect of CsA on the Ultrastructure of the Inner Shell 
Surface 


Injury was made at the edge of shell as Fig. 2.84a1, a2 showed. Collected shells were 
prepared into several sections for SEM (Fig. 2.84a3, a4) at specific observation time 
point. The regenerated membranes and deposition of crystals were showed in 
Fig. 2.84b1, b2. Calcites were the first deposited crystalline on recently formed 
membranes, also the main component of the first major layer—prismatic layer 
(Fig. 2.84c1, c2). The newly formed calcites were round with smooth surface. 
Nacreous layer was overlaid as the shell thickened (Fig. 2.84d1). The aragonite 
layer in regenerated shell was also smooth and similar to normal phenotype 
(Fig. 2.84d2). 

The comparison between the microstructures of inner surface in normal shell and 
the regenerated shell with CsA injection was observed to detect the effects of CsA. 
The images of group Ic + CsA 7t were displayed in Fig. 2.85. Since no significant 
changes occurred in Ic + CsA 2t group, the pictures of this group weren’t shown. 
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Fig. 2.84 The initiation of shell regeneration, the measurement of shell regeneration speed, and 
scanning electron micrographs of the inner shell surface [276] 

(al) The shell regeneration was initiated by the removal of a piece of shell on the edge opposite to 
the side with foot. (a2) A very thin, transparent organic membrane was observed through naked 
eyes. The length of growing membranes was measured through vernier calipers at the longest point 
to represent the speed of shell regeneration. (a3, a4) The collected shells were cut into sections for 
SEM observation. b1, b2 indicated the inner surface of organic membrane in regenerated shell near 
growing edge. 26 days. Bars = 50 um in B1, 10 um in b2. c1, c2 the prismatic layer of regenerated 
shell near growing edge and the morphology of newly deposited calcites. 26 days. Bars =10 um in 
cl and c2. d1, d2 the prismatic layer was indicated by black arrow and nacreous layer was indicated 
by white arrow in the inner shell surface from group Ic. 45 days. Bars =50 pm in d1, 10 pm in d2 
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Dishing in the central surface (Fig. 2.85 al and a2), instead of the normal, round, and 
plump calcites (Fig. 2.84 cl and c2), appeared in the 7th CsA injection group. The 
abnormal crystals were mainly observed in aragonites, widely distributed in different 
areas of inner shell after the injection of CsA. Compared with the normal big and 
mature aragonites, newly formed crystals turned incomplete and hollow 26 days 
after CsA injection (Fig. 2.85 b1 and b2). What’s more, a large number of melting 
and incomplete crystals appeared in calcite—aragonite crossed regions after CsA 
injection (Fig. 2.85 cl and c2). All the surface of aragonites in these two regions was 
significantly different from normal ones with complete and smooth surface 
(Fig. 2.84d1 and d2). 


2.4.2.5  Pf-BMP-2 Gene of Mantle Tissue Response to the Depressed CN 
by CsA Injection 


The relative expression level of Pf-BMP-2 was detected at 0, 3, 6, 12, 24, and 36h 
after CsA and vehicle administration. As we could see from Fig. 2.86, the expres- 
sion of Pf-BMP-2 underwent a decrease 12 hour after CsA injection and hit the 
bottom at day 36 (p <0.05), but sustained stable only decreased a little in negative 
vehicle injection group (Fig. 2.86). Moreover, the relative expression values at 





Fig. 2.85 Scanning electron micrographs of P. fucata shell [276] 

All the SEM images were shown from group Ic + CsA 7t without the SEM images from group Ic + 
CsA 2t. al: The prismatic layer of regenerated shell exhibited a large pitted surface. 14 days after 
shell injury and CsA injection. a2 was the enlargement of box in al. Bars = 50 pm in al, 10 pm in 
a2. b1, b2 Surface of nacreous layer in aragonite distributed regions exhibited hollow and incom- 
plete crystals. 26 days after CsA injection. b2 was the enlargement of box in b1. Bars = 50 pm in bl, 
10 pm in b2. cl, c2 Incomplete and central melting crystals were observed in the surface of nacreous 
layer in the aragonite—calcite crossed regions. 26 days after CsA injection. c2 was the enlargement 
of box incl. Bars = 50 pm in cl, 10 pm in c2 
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Fig. 2.86 mRNA relative expression level of Pf-BMP-2 in mantle tissue after CsA and vehicle 
administration 

Gene expression analysis of Pf-BMP-2 at different detecting time points after CsA (20 ug/g of pearl 
oyster) and vehicle administration. The housekeeping gene GAPDH was applied as the control. The 
expression levels of Pf-BMP-2 were means of three assays (n = 3), which were calculated in 
accordance with that of the expression recorded for control (shown as 100%). Bars represented the 
means + SD. Significance of the differences (p < 0.05) were shown as alphabetic letters 


days 12, 24, and 36 in CsA injection group were smaller (p < 0.05). Apparently, 
the expression of Pf-BMP-2 could be significantly inhibited by the injection of 
CsA. 


2.4.2.6 The Concentration of PGs/GAGs in Primary Cultures 
of the Mantle Cells 


The concentration of PGs/GAGs in the medium of the cultured mantle cells incu- 
bated with CsA, vehicle, and MBSS was measured at 3, 6, 12, and 36 h, respectively. 
This value in three groups almost sustained stable at every detecting time point after 
treatments as Fig. 2.87 showed, whereas the values after incubation with CsA were 
significantly lower than those in other two groups (p < 0.05). There were no 
significant effects of vehicle on the secretion of PGs/GAGs. When CN was inhibited 
by CsA, the in vitro secretion of PGs/GAGs in mantle cells was reduced either. 
Trypan blue exclusion assay indicated that the number of mantle cells almost 
sustained stable within the whole experimental hours. 
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Fig. 2.87 The concentration of PGs/GAGs in primary mantle cells was detected at different time 
points after incubation with or without CsA and/or vehicle 

Values (means + SE, n = 3) from three groups at each time point were analyzed at the 5% level. 
The values at each time point after incubation with CsA was significantly lower than those in other 
two groups (p < 0.05) 


CN is a multifunctional protein involved in the regulation of many physiolog- 
ical processes of various organisms from the lower animals to mammals [254]. CN 
has been proved to take part in chondrogenesis and bone metabolism via 
CN/NFAT signal pathway [277, 278] in mammals. Nevertheless, whether it 
participates in the regulation of shell biomineralization or not still needs more 
investigation. In this study, we found that shell injury could significantly induce 
the activation of CN, and this activating state maintained a relative high level 
during the shell repair process. 

In summary, all the results have provided direct evidences to demonstrate that 
mollusk CN could regulate the formation of shell probably by homologous signaling 
pathway in mantle. To be more detailed, the possible cytoplasmic NFAT couldn’t 
translocate to nuclei causing the decreased expression of Pf-BMP-2 after the injec- 
tion of CsA. That was how the secretion ability of epithelial cells in mantle was 
inhibited. Therefore, those abnormal morphologies and phenotypes of crystals in 
shell surface and the slowly regeneration speed occurred. Moreover, it is also 
extremely important to elaborate how the decreased secretion of PGs induced the 
central vacuum of aragonites in inner shell surface. On the other hand, the abnormal 
morphologies of crystals may be not only relevant to the decrease expression of 
PGs/GAGs but also the wrong expression or secretion of some matrix proteins 
as well. 
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2.4.3 Calcineurin Mediates the Immune Response 
of Hemocytes Through NF-kB Signaling Pathway 
in Pearl Oyster (Pinctada fucata) 


As a multifunctional protein, calcineurin (CN) mediates the immune response in 
mammals through diverse signaling pathways, while the function of CN in the 
immune response of molluskan hemocytes remains unknown. In the present study, 
we determined the distribution of CN in various tissues and the gene expression 
levels of Pf-CNA and Pf-CNB in hemocytes of the pearl oyster Pinctada fucata. 
After the preparation of hemocyte monolayers, we measured the degradation level of 
IkBa, the enzymatic activity of CN, the activity of iNOS, and the production of NO 
and IL-2 to reveal how hemocytes response to the challenges of lipopolysaccharide 
(LPS) and cyclosporin A (CsA). CN activity in hemocytes was quite sensitive to the 
stimulation of LPS and the inhibition of CsA. Most importantly, IkBa degradation in 
hemocytes was induced by LPS but weakened by CsA, thus elevating the activity of 
iNOS and increasing the production of NO. Additionally, we found that the synthe- 
sis of IL-2 was increased by LPS stimulation but was apparently attenuated by CsA. 
In vivo bacterial clearance experiments suggested that CsA significantly inhibited 
the ability of bacterial clearance in pearl oyster. For the first time, we showed that 
CN mediated the immune responses in molluskan hemocytes by activating NF-«B 
signaling pathway. 


2.4.3.1 Distribution of CNA in Various Tissues and the Expression 
Levels of Pf-CNA and Pf-CNB Gene in Hemocytes of P. fucata 


The rabbit polyclonal antibodies against CNA from Pinctada fucata were prepared, 
after cloning the two subunits of CN from mantle. To determine the distribution of 
CN in various tissues, the antibodies against Pf-CNA were employed for Western 
blot analysis. The result revealed that CNA was widely expressed in various tissues 
of pearl oyster (Fig. 2.88). In particular, the expression level of CNA in hemocytes 
was significantly (p < 0.01) higher than that in other tested tissues. 

CN, also known as protein phosphatase 2B (PP2B), is the only serine-/threonine- 
specific protein phosphatase regulated by both CaM and calcium and acts as a 
heterodimeric enzyme composed of a CNA and a CNB [279-281]. Previous studies 
demonstrated that CN is widely distributed in various tissues and in many cell types 
of different organisms from lower species to higher species [282] and is a 
multifunctional protein participating in numerous important physiological processes. 
CN is widely expressed in mammal tissues, with the highest levels found in the brain 
[254]. The two CN subunits display in multiple isoforms [283], three isoforms (a, P, 
and y) [280] in CNA and two isoforms (CNB1 and CNB2) in CNB. Among them, 
CNA a, B and CNB1 are relevant in T cells, while CNA y and CNB2 are found 
almost exclusively in the testis [284]. Generally, the molar ratio of CNA/CNB is 
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Fig. 2.88 Protein expression of Pf-CNA in the tissues of the mantle, adductor muscle, gonad, 
viscera, gill, hemocytes, and foot of P. fucata 

Protein extract (15 mg) from tissues mentioned above was loaded. Protein extract corresponding to 
3 x 10° cells was loaded in hemocyte lane. Western blot analyses were performed in triplicate. 
Values were expressed relative to control (B-actin) and were means + SE of three analyses 
(p < 0.01) 


equal to one, and the two units bind tightly in the cytoplasm. However, it was found 
that more CNB than CNA exists in tumor tissue and other tissues or even only CNB 
is present [285, 286]. So CNB seemed to play other important roles besides acting as 
a regulatory subunit of CNA [285]. Therefore, the isoforms have their particular 
tissue localization and function as crucial mediators in many pathological and 
physiological processes. 

In mollusks, two subunits were identified from the gonad of scallop [256] and the 
mantle of pearl oyster [268]. Our current study showed that expression level of CN 
in hemocytes was the highest. According to RT-PCR analysis, the molar ratio of 
CNA/CNB in hemocytes was almost equal to one (Fig. 2.89). The highest expres- 
sion level of CN in hemocytes indicated that CN plays important roles in many ways. 
In mollusks, the hemocyte participates in innate immunity and transportation of 
necessary metabolites for many physiological processes. Here, we explored the 
function of CN in mediating the immune response using both in vivo and in vitro 
experiments. 
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2.4.3.2 Response of Hemocyte CA Activity and Protein Level to LPS 
and CsA In Vitro 


Lipopolysaccharide (LPS) is a cell wall component of Gram-negative bacteria and 
regarded as a potent activator of innate immunity in mammals [287, 288] by 
activating Toll-like receptor-4 (TLR-4). LPS receptor recognizes pathogen- 
associated molecular patterns (PAMP) and then stimulates the downstream cascades 
through the cell signaling pathway. Two immunosuppressants, CsA and FK506 
(tacrolimus), are commonly used in mammals for medical treatment, potently by 
inhibiting the enzyme activity of PP2B [281, 289]. The two drugs sterically hamper 
the access to the active site of CN by binding to their cellular receptors, cyclophilin 
and FKBP, respectively [290, 291], to form complexes which subsequently bind to 
the CNA/CNB composite surface [292, 293]. 

Figure 2.90 showed the comparison of CN enzyme activities of the lysate in 
cultured hemocytes with different treatments. Three groups of the prepared hemo- 
cytes monolayers correspond to preincubated with CsA for 1 h and then exposed to 
LPS (group CsA + LPS), only exposed to LPS (group LPS), and cultured without 
any treatment as control. The lysate of cultured hemocyte was collected for detection 
of PP2B enzyme activities at 0, 2, 5, 15, 30, and 90 min after the treatments. As a 
result, the activities of CN in cultured hemocytes immediately increased at 2 min 
(p < 0.05) and quickly recovered to basal level at 5 min. The activities of CN in the 
cultured hemocytes were significantly inhibited (p < 0.05), when the hemocytes 
were preincubated with CsA, even LPS was showed to fail to activate CN. The 
inhibition of CsA on CN activity was maintained throughout the tested period. 
Therefore, CN was very sensitive to both the stimulation of LPS and the inhibition 
of CsA. 
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Fig. 2.90 CN enzymatic activity in the lysate of cultured hemocytes with different treatments 

At 0, 2,5, 15, 30, and 90 min, the lysates of the prepared hemocyte monolayer from three groups 
(group CsA + LPS, 1 h after preincubation with CsA and then exposed to LPS; group LPS, only 
exposed to LPS, and control without any treatment) were collected and the enzymatic activity of CN 
was detected. Each assay was replicated three times based on sample preparations. Values were 
expressed as means + SE were analyzed at the 5% level 


FK506 and CsA have been proven to be valuable probes for studying signal 
transduction in T cells [294, 295]. Although the sequence information about 
cyclophilin of P. fucata was absent, our sequence analysis reveals that [268] 
Thr348 and Val351 in the CN B-binding domain of Pf-CNA are two putative 
residues that are critical for interaction with cyclophilin and FKRP. In addition, 
the result of the CN activity analysis was also showed to be sensitive to inhibition 
by CsA. 

Meanwhile, the protein expression level of Pf-CNA was also determined by 
Western blot analysis. As shown in Fig. 2.91, the expression level of Pf-CNA in 
hemocytes kept steady after LPS treatment throughout the tested period (p > 0.05). 
Therefore, CN mediated the cellular physiological process mainly by regulating the 
CN activity rather than altering the expression level of CN. 


2.4.3.3. IkBa Degradation in Hemocytes Was Induced by LPS 
and Attenuated by CsA 


The degradation levels of IkBa were measured by Western blot with mouse mono- 
clonal antibody against IkxBa (human). As shown in Fig. 2.92, the amount of the 
37 kDa IkBa significantly increased from 15 min to 90 min, after the hemocytes 
were exposed to LPS (5 pg/ml). When the hemocyte monolayer was preincubated 
with CsA (1 pg/ml) for 1 hour before challenged with LPS, the expression levels of 
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Fig. 2.92 IkBa degradation in hemocytes was induced by LPS and attenuated by CsA 

The levels of IxBa degradation in the collected lysate of cultured hemocytes from group LPS and 
group CsA + LPS were detected by Western blot analysis with anti-IkBa antibody. Equal loading 
(10 pg protein per lane) of membranes was confirmed by re-probing with anti-B-actin antibody at 
each time point 


LPS 


IkBa changed little from 0 to 90 min. It shows that LPS can induce a significant 
upregulation of IxBa in hemocytes and such induction was inhibited when CN was 
blocked by CsA. 

Besides mediating NFAT signaling pathway, CN is also considered responsible 
for the regulation of NF-«B signaling pathway, where CN cooperated with protein 
kinase C (PKC) to activate the transcription activity of NF-«B and IkB kinase (IKK) 
in T cells [296]. As for the remaining cells, NF-KB was retained in cytosol because it 
would become inactive after binding with other specific IkB proteins, IkBa. Once 
IkBa was activated by IKK, NF-«B was then released, activated, and translocated to 
the nucleus for further binding with kB promoter elements to initiate the expression 
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of its target genes, such as iNOS and IL-2. This mechanism that also existed in non-T 
lymphocytes may be a common mechanism of NF-«B transcriptional activation 
(review in [297]). The degradation status of IkBoa could be analyzed and evaluated 
by detecting the fluctuation of IxBa released to cytoplasm. And this process could be 
inferred that accordingly dissociated NF-«B translocated to the nucleus to reprogram 
the expression of its target genes. 

PKC signaling pathway of molluskan hemocytes could regulate the production of 
NO according to previous research [298, 299]. A novel gene encoding an IkB 
member named Cg-IkB exhibited most known IB protein characteristics 
[300]. We confirmed that the release of IkBa was stimulated by LBS, which could 
be inhibited by CsA. In LPS-treated cells, we didn’t detect the transient decrease of 
IkBa from 0 to 5 min. But NF-«B signaling pathway was activated due to the 
continuous increase of IkBa from 15 to 90 min. However, we couldn’t assure that the 
degradation of IxBa just occurred before the translocation of NF-«B to nucleus. 


2.4.3.4 The Activity of INOS and the Production of NO 


NO is generated by the inducible isoform of nitric oxide synthase (ANOS), also 
characterized as a famous modulator in regulation of many important physiological 
processes. NO has been proved participating in the regulation of neurotransmission, 
vasodilatation and blood pressure, apoptosis, and nonspecific immune response. 

As reviewed before [301], the expression of iNOS could be initiated by a lot of 
inducers through various signaling pathways, including cytokines and LPS, such as 
interleukin-18 (IL-1B), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and 
interferon-y (IFN-y). Other compounds could also attenuate or extend the influences 
of the expression of iNOS induced by LPS/cytokine. The conditions on the expres- 
sion of iNOS and the effects of the stimuli showed are cell- and species-specific 
[301], which relies mainly on the protein expression level. An extensive amount of 
signaling pathways have been elaborated to activate and inhibit iNOS expression in 
different cells and organisms, but under any circumstances, the expression of iNOS 
is always regulated by the inhibition and activation of its transcription factor NF-«B 
[302]. Researchers have successfully established the linker between NFAT and 
iNOS in cardiomyocytes [303, 304]. CN was proved to regulate the expression of 
iNOS through IKK and NF-«B activity [305] in mouse peritoneal macrophages. 

In this paper (Fig. 2.93), the activity of INOS in the lysate of cultured hemocytes 
kept increasing, reaching the maximum at 12 h (p < 0.05) and returned to baseline 
24 h later in cultured hemocytes treated with LPS but without the preincubation of 
CsA. The increasing activity of INOS could be clearly weakened by LPS. If cells 
were preincubated with CsA and then challenged with LPS, the activity of INOS 
would also increase and peaked at 12 h but the extent was much lower than that in 
only LPS-treated group. 

The production of NO (umol/L) in hemocyte culture medium at each detecting 
time point after treatments was shown in detail in Fig. 2.94. The concentration of NO 
in the culturing medium started to increase and reached the maximum 24 hours later 
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Fig. 2.93 Responses of the iNOS activity to LPS without or with CsA preincubation 

The activity of iNOS of hemocyte lysates from group LPS, group CsA + LPS, and control was 
measured at each time point. Values (n = 3, means + SE) in group LPS from 3 h to 18 h were 
significantly higher than those in the other two groups. Values in group CsA b LPS from 12 h to 
18 h were higher than those in control at same time points (p < 0.05) 
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Fig. 2.94 The production of NO (umol/L) in the culture media of hemocytes at each sampling time 
after treatments 

The culture media were collected from three groups: group LPS, group CsA pb LPS, and control 
group at 0, 3, 6, 12, 18, and 24 h. Values (n = 3, means + SE) with different small alphabetic letter 
differed significantly (p < 0.05) 
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(p < 0.05) 6 hours after the LPS exposure. If the hemocytes were preincubated with 
CsA and then challenged with LPS, the concentration of NO kept a low status from 
O to 18 h, with a little increase than control 24 hours after treatment (p < 0.05), 
suggesting that the LPS-induced increased production of NO was suppressed when 
CN was inhibited by CsA. 

NO was also confirmed to be an essential regulator in innate immune responses of 
mollusks. Two NOS isoforms binding anti-eNOS and anti-iNOS antibodies from 
vertebrates were detected in hemocytes of Mytilus galloprovincialis, and the NO 
production was also increased by IL-2 in winter [306], but the expression of iNOS 
exhibited no seasonal fluctuation. We’ ve already known that PKC signaling pathway 
regulated the production of NO [298, 299]. Our results suggested that the degrada- 
tion of IkBa was induced by the increase of LPS in molluskan hemocytes; then NO 
was synthesized during the initial expression of iNOS resulted from the translocating 
of the dissociated NF-«B into nucleus. 


2.4.3.5 Response of Hemocyte IL-2 Level to LPS and CsA In Vitro 


After the cultured hemocytes were challenged with LPS without CsA preincubation, 
Fig. 2.95 exhibited the increasing production level of IL-2 at a certain time, and this 
expression level was significantly decreased with the introduction of CsA. The 
effects of CsA and LPS on hemocytes started to appear 6 hours later, and the 
expression of IL-2 in LPS group started to increase and reach the peak at 
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Fig. 2.95 Response of IL-2 in the culture media of hemocytes treated with LPS, with and without 
CsA preincubation 

The expression level of [IL-2 in the culture medium of hemocytes from three groups was detected by 
Human IL-2 ELISA Kit. Values (n = 3) were means + SE (p < 0.05) 
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24 h. Moreover, the expression of IL-2 in CsA + LPS group was the least (p < 0.05), 
while no difference (p < 0.05) was detected in both control group and CsA + LPS 
group at 6 h and 12 h. 

Transcription factors, such as NF-KB, AP-1, NFAT, and Oct-2, could be activated 
through their own signaling pathway and then bind with the enhancer and/or 
promoter to activate the expression of IL-2 in activated cells. IL2 in vertebrates 
could stimulate the proliferation and differentiation of B cells for increasing the 
cytolytic activities in NK cells, as well as the growth of T cells for cytokine 
secretion [307]. 

Despite that the function of IL-2 was not exactly known in mollusk hemocytes, 
the studies on antihuman IL-2 and other isoforms did provide some helpful hints. 
Among the cytokine-like molecules detected in the hemolymph of mollusks [308, 
309], [L-2-like peptide found in the soluble fraction of hemolymph of the sea mussel 
M. galloprovincialis showed immune reactivity with antihuman IL-2. The utilization 
of antihuman IL-2R antibodies [310, 311] also helped us find three types of their 
receptor subunits IL-2Ra, IL-2RB, and IL-2Ry. Furthermore, the recombinant 
human IL-2 could induce the expression of IL-2Ra in hemocytes [311], and LPS 
was used to induce the expression of IL-2Ra [310, 311]. Based on the results we got, 
it was indicated that after the rapid activation of CN induced by LPS, the IL-2 was 
secreted; CsA then suppressed the translocation of NF-KB from cytosol to nucleus 
through inhibiting the activity of CN; and finally, the initiation of IL-2 and other 
cytokines were hampered. 


2.4.3.6 Effect of CsA on Bacterial Clearance in Hemolymph 


Bacterial clearance experiments in vivo (Fig. 2.96) indicated that pearl oyster had 
strong abilities to clear exogenous FE. coli from hemolymph circulation within 
90 min. Negative blank control was set where hemolymph samples were excluded 
from any treatment with bacteria. The amount of bacteria still remaining in hemo- 
lymph circulation achieved the scale in blank control within 150 min. However, if 
CN was suppressed 6 hours after CsA injection, the bacterial clearance ability of 
oysters would decrease dramatically at 90 min (p < 0.05) and the number of 
hemolymph in CsA pre-treated oysters also reached that of control (p > 0.05). 
These results indicated that the longer after CsA injection, the lesser inhibition 
effects on clearance could be detected. After incubation for 30, 90, and 150 min, 
the percentage of bacteria in control group was 35%, 16%, and 4.3%, respectively, 
and 56%, 31%, 16% in CsA injection group, respectively. Another interesting thing 
was that the number of hemolymph in CsA preincubated oyster was much lower 
compared with the control group (p > 0.05). According to previous research, the 
suspension of bacteria 30 min after injection was applied as an equilibration period 
of hemolymph [28]; moreover, this time also indicated the baseline (the initial value) 
of the number of hemolymph. We speculated that the slower clearance of E. coli 
from hemolymph circulation at 30 min was partially due to the inhibition of CN. 
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Fig. 2.96 Survival of fimbriated strain MG1655 of E. coli from pearl oyster hemolymph in vivo 
At 30, 90, and 150 min after the injection of bacterial suspension, the number of culturable bacteria 
per milliliter of hemolymph from pearl oysters, with or without pre-treatment with CsA, was 
compared. Values are means + SE of five analyses (p < 0.05). At zero time, the value represents 
the number of E. coli in prepared bacterial suspension (2 x 10° CFU/ml) 


Generally speaking, the decreased expression of cytokines, including IL-2, and 
the release of NO to serum resulted from the inhibition of CN followed by the 
reduced clearance of bacteria from hemolymph as Fig. 2.97 showed. In other words, 
initially, CN was immediately activated by LPS through enhancing its enzymic 
activity instead of its expression in cytosol. Then the activated CN, very likely 
synergized with PKC, stimulated the expression of IKK where IkBa was dissociated 
with NF-KB. After the translocation from cytosol to cell nucleus, NF-KB was 
programmed to bind with the promoter of iNOS and IL-2. As a result, both the 
synthesis of IL-2 and the production of NO made an increase. In this case, the 
immune response was initiated. Nevertheless, the stimulation of LPS was attenuated 
by CsA via the inhibition of CN, leading to the reduction of in vivo bacterial 
clearance in pearl oyster. 

It has been widely known that CN could regulate a large amount of cellular 
responses through mediating the dephosphorylation of NFATc family members 
from yeast to mammalians. But it was suggested that the Ca**-/CN-dependent 
NFATc family, only found in genomes of vertebrates, arose following the recombi- 
nation of an ancient precursor with a Rel domain in the initial of vertebrate life 
[313]. Actually, there is no genetic information about NFAT similar factors in 
mollusks up to now. In yeast, the function of Crz 1 p/Tcn 1 p is considerably similar 
to NFATc proteins in mammalians, which could directly translocate from cytoplasm 
to the nucleus with the activation of CN [314, 315]. Besides CN/NF-«B signaling 
pathway elaborated in this paper [312], it 1s still unclear whether CN-NFAT similar 
factors truly exist to regulate the innate immune responses of mollusks. Apparently, 
further investigation is quite necessary to demonstrate this mystery. In conclusion, 
our results demonstrated that CN could regulate immune responses of molluskan 
hemocytes by activating NF-«B signaling pathway. 
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Fig. 2.97 CN regulated immune responses of molluskan hemocytes via activating NF-«B signaling 
pathway [312] 

Originally, LPS immediately activated CN by elevating its enzymatic activity rather than its 
expression in cytosol. Then the activated CN, very likely synergized with PKC, stimulated the 
expression of IKK by which IkBa was phosphorylated. Later on IxBa underwent site-specific 
ubiquitination and degradation by proteosome complex. Finally, NF-KB was dissociated and 
translocated from cytosol into nucleus to bind with the promotor of iNOS and IL-2. Consequently, 
the synthesis of IL-2 and the production of NO underwent an increasment. However, CsA 
attenuated the stimulation of LPS via the inhibition of CN, which accordingly resulted in the 
decrease of in vivo bacterial clearance in pearl oyster. NFAT with a question mark meant that 
CN/NFAT pathway in molluskan hemocytes was not clearly demonstrated yet. (/): activation 
pathway 


2.5 Preliminary Exploration of Calcium Channel 
and Calcium Transportation 


2.5.1 Cloning, Characterization, and Expression Analysis 
of Calcium Channel B-Subunit from Pearl Oyster 
(Pinctada fucata) 


The absorption, transportation, and localization of calcium underlie the foundation 
of biomineralization, and the entry of Ca** into epithelial cells is the principal step 
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during shell formation. Nevertheless, the related mechanism of Cat transportation 1s 
poorly demonstrated no matter at the gene or protein level. L-type voltage-dependent 
calcium channels might be engaged in calcium transportation for biomineralization 
in some marine invertebrates. In our research, the full-length cDNA of a voltage- 
dependent calcium channel B-subunit from Pinctada fucata (PCaB) was cloned, and 
its amino acid sequence was deduced meantime. PCaB shared 51%-67% apparently 
sequence identities with voltage-dependent calcium channel B subunits from other 
species. However, PCaB was much shorter than other voltage-dependent calcium 
channel P subunits especially at the carboxyl terminus, suggesting that it is likely a 
truncated 6-subunit isoform. Semiquantitative RT-PCR analysis revealed that PCaß 
was expressed in all tissues we tested and it showed a relative higher expression level 
in hemolymph and gill than other tissues, indicating that L-type voltage-dependent 
calcium channels were responsible for Ca* entry into hemocytes and Ca?* absorp- 
tion in the gill. The relevant mRNA expression level of PCaß was predominant in 
both inner and middle folds of mantle epithelium, indicating that L-type voltage- 
dependent calcium channels might participate in the absorption of Ca°* from 
ambient medium in mantle. All these results implied that voltage-dependent calcium 
channels participate in the process of Ca** uptake and transportation during 
biomineralization. 


2.5.1.1 The Cloning and Sequence Analysis of PCaB 


A 399 bp PCR product named CaB1, which showed high similarity with voltage- 
dependent calcium channel 6 subunits from other species, was amplified from the 
mantle tissue of P. fucata using degenerate oligonucleotide primers derived from the 
conserved regions of calctum channel B-subunit nucleotide sequences. On the basis 
of this sequence, two specific gene primers (BGSP3 and BGSP4) were synthesized 
and used to amplify the 5’ and 3’ nucleotide sequences of PCaB cDNA, respectively, 
by RACE. To confirm the sequence obtained by RACE, the two specific primers 
LCabQF1 and LCabQRI, respectively, corresponding to the 5’ UTR and 3’ UTR of 
PCaB mRNA, were designed, and RT-PCR was performed. The PCR products were 
cloned and sequenced, the sequences of which clearly matched with the sequences 
expected from the results of 5’ RACE and 3’ RACE. As shown in Fig. 2.98, the 
complete PCaB cDNA sequence including the poly (A) tail derived from the mRNA 
of pearl oyster was 1457 bp. It contained a 206 bp 5’ untranslated sequence, an open 
reading frame consisting of 1173 bp, a TGA stop code, a 75 bp 3’ untranslated 
sequence, and a poly(A) tail. A putative polyadenylation signal (AATAAA) was 
recognized at nucleotide 1418, which was 18 nucleotides upstream of the poly 
(A) tail. This cDNA sequence was submitted to GenBank under accession 
no. EF154452. 

The deduced amino acid sequence of the oyster voltage-dependent calcium 
channel 6 comprised 391 amino acids with a calculated molecular mass of 
43.1 kDa and an isoelectric point of 9.77. It contained several features common 
to all voltage-dependent calcium channel B subunits [316]: () a B-interaction 
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GAGAATCGCTGATACCTTGCTCCGAGGGGAAAATGAACGAAGCGAATGTTAACAGT 56 
TTTCTAAAATATGAGGGCAGATCTGAAGAAT TGGAGTAGATCAGAGACTTICAGAAACTGCGGGCAGTTTATCTGA 134 
AAGCTCCTTATATTGGCAAACTCCAGGTGAGACGTTAGCTICTGTGAGGGTACATGTGGGTGACAAGCAGTACAGC 206 
ATGGCTCTTGACGATAAACCAAGTAAACCAAAGAAATCTGCCTTICACCAAGACGGCAAAAACTCACATGATACAR 284 

MALEOD OD K P $$ K PK K $ A F T K OT AK OT OW OMT OQ 
CAGCCAAGTGTGGAGTCACAAGATICTACATACAGCCAACCTICCTCCOGATCTGTCAGTAGATGACGATAATCCA 356 
0 P S UV E S$ @ DS T¥ FS QPS FS DLS VD OD OD HN P 
CTCCGTACAGAAACAAGTAGACAAGCTCAAGAACAACTGAACAAAGCTAGGACAAARACCIGIGGCGTTTGCTGIG 434 
L R T ET 5 RF QA QE Qe NR A R TT K P YU A F A OY 
CGAACAAATGTGTCGTTTAATGGCGGCOCGGAAACAGATTIGTCCTGTGCCGGGGCAGCAAGTTTCCTTTGAAATG 566 
R T NU S$ F N G GP ETOD CP VU P G&G Q Q U S$ F E NH 
AAAGACTTCCTGCATATAAAGGAGAAATTTAACAATGAATGGTGGATAGGACGACCAGTGAAGGAGGGGTGTGAT 581 
K DF LH I K E K F WNW WN E WW IG RP U K CE G6 € OD 
GTGGGATTTATACCTAGCCOTGCCAAACTAGGAAATATAAAGATCCAGGTCCCGAGTGGTTCARAAGCAGAAGTA 656 
UGF IP S$ P A KL GAN KT QU PP S$ G&G §& hUKCUA CE OU 
CCAAACTCOGTGTCTGGTATAGAATCCATGT TACCAGGGAGTGGTACAGGAGTGGAAGCOCGAGAATGGAGTGGAG § 731 
P NS U S$ Gs TE $ M LP G $ 6 T G YU OE A CE UN CUGlUUE 
AGTACCGT TGGAGAGGACAGTGACAGTCTGGGAAACCCCAAACCCAAAACCAGTATCAACCCCCCAACCAAAGAR 866 
S T U GE D S$ DS L G WN PK PK OT $ iT OW P PT OK OC 
AAGAAAAAGCCTTICTTTAAAAAGAATGAGACAGTICCACCTTATGAAGTCGIGCCTICCATGCGGCCTGTAGTA 881 
kK K K P F F [KK NE TU P PY EU UP S$ HRP VY YI 
TTGATAGGTCCCTCACTTAAGGEGTATGAAGTCACAGACATGATGCAGAAAGCITTIATTCGACTICCTCAAACAT 956 
L I G P $s$¥ L K YEU T DM MQ K AL F OD FLL K H 
CGTTTTGAAGGAAGGATAATCATTACTCGTGTTACGGCAGACATTTCGTTAGCAAAACGTICCTTACTCAATAAT 1631 
R F EG RiIdIé#ttdTtRUvY Tt AD § kL AK R$ EL OL OW ON 
COCAGTAAACGTGGATTGATTAACAGTCGAACAACTGGTATAGGTGAGGTACAGGTCGAAATAGAGAGGATATTT 11086 
P S$ K R GLIA §$ RT Tt GI GCE UQ UETIßERIF 
GACCTCECTCGTICCTTACAGTTIGGTIGTICTGGACTGTGACACAATCAACCACCCCTCCCAGTTAGCAAAGACT 1181 
DLARS EL OLELV Yt oc bT IT WAP Ss @taskt T 
TCCTTAGCTCCTATTATTGTATATGTCAAAATAGCATCACCAAAGGTATTACAGCEATTAATCAAATCICGAGGA 1256 
S LAP IIE U ¥ U K TAS PK UL Q RL EF OK OS R OG 
AAATCCCAAAGTCGGAATATGAATGTACAGT TAGTGGCTGCTGATAAGCTCAATCAATGCAGTCAGCACCTACAR 1331 
K $ Q $ RFR NWA UY Qe UV AA DK LCA QO 6 § Qa ek Q 
CGTCATTTCTICATTCTATTACGGTCGATGGTAGCCATGGTATGTACATGACAGTATGCACCTTTIGTAAATTIG 1406 
R H F F - kLeeeRs MU AH UY EC T # 
CAATCGTTTATGAATAAATTGGTCTTICAGGTGACCGAAAAAAAAAAAAAAA 1457 





Fig. 2.98 Nucleotide and deduced amino acid sequence of Pinctada fucata voltage-dependent 
calcium channel B-subunit (PCaB) cDNA 

Numbers on the right indicate nucleotide positions. The stop codon is marked with an asterisk and 
the possible polyadenylation signal sequence in the 3’ untranslated region is underlined. BID 
(B-interaction domain) is boxed. This cDNA sequence has been submitted to GenBank (accession 
no. EF154452) 


domain (BID) required for binding to the al subunit [317, 318], 
KKNETVPPYEV VPSMRPVVLIGPSLKGYEVTDMMQKALFDF (the 
underlined residues have been identified as particularly important for binding to 
al subunits, and the two serines in bold are potential protein kinase C phosphor- 
ylation sites) [319] and (11) two highly conserved functional domains, SH3 domain 
(domain 94-131) in D2 and GK domain (domain 221-371) in D4 [316]. As shown 
in Fig. 2.99, similar to other voltage-dependent calcium channel B subunits, PCaB 
contains five domains, of which D2 and D4 were conserved, whereas D1, D3, and 
D5 were variables. The presence of these features indicates that the isolated cDNA 
fragment encoded a voltage-dependent calcium channel B subunit. As shown in 
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Fig. 2.99 Alignment of sequence of Pinctada fucata voltage-dependent calcium channel B-subunit 
(PCaB) with other calcium channel B subunits [320] 

Alignment of overall sequence of PCaB with P subunits from principal invertebrates and vertebrates. 
D1-D5 indicate the five regions of B subunits, and their boundaries are delimitated by these vertical 
lines. The putative deleted amino acid sequences are boxed. Bot, Bos taurus (AAF26681); Hos, 
Homo sapiens (NP_963890); Orc, Oryctolagus cuniculus (P54288); Drm, Drosophila 
melanogaster (NP_523546); Cae, Caenorhabditis elegans (AAB53056); Cyc, Cyanea capillata 
(AAB87751); Lys, Lymnaea stagnalis (AAO83844); Lob, Loligo bleekeri (BAB88220); and Pif, 
Pinctada fucata (EF154452) 
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Fig. 2.100, the complete amino acid sequence alignment of PCaf showed the 
highest identity with the mollusks Loligo bleekeri (67%) and Lymnaea stagnalis 
(67%) and the lowest identity with Cyanea capillata (54%) and Schistosoma 
mansoni (51%). The homology between PCaB and mammalian voltage-dependent 
calcium channel P subunits was lower (60%) than those within mammalian f 
subunits (67%). If the GK domain was only taken into account, PCaB showed 
71%-89% identities with calcium channel B subunits from other species. If the 
SH3 domain was only taken into account, PCaB showed 61%-88% identities with 
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calcium channel 6 subunits from other species. These results suggest that PCaB 
belong to voltage-dependent calcium channel p subunits. However, the full length 
of PCaB was only 70%—80% that of other calcium channel B subunits. As shown in 
Fig. 2.99, compared with other calcium channel 6 subunits, PCa has a shorter 
carboxyl terminus. In D4, PCaB appeared to have a 17 amino acid sequence 
skipping from the 371st amino acid onward; this sequence was conserved in 
other calcium channel p subunits. The sequence skipping formed an incomplete 
D4 domain and a truncated D5. Thus, PCa is likely to be a truncated voltage- 
dependent calcium channel -subunit isoform. 


2.5.1.2 Tissue-Specific Attribution of PCaß 


To investigate the function of voltage-dependent calcium channels in vivo, the 
tissue-specific expression of oyster voltage-dependent calcium channel B-subunit 
mRNA in different tissues was examined by semiquantitative RT-PCR analysis. 
RT-PCR was performed with RNA samples from the mantle, gill, digestive gland, 
and muscle tissues and hemolymph. A 1157 bp RT-PCR product was obtained with 
FBF4 and FBR4 and the total RNA of various tissues as template; however, the 
negative control exhibited no products (data not shown). The PCR products were 
then inserted into a pGEM-T Easy Vector and confirmed by sequence analyses. As 
shown in Fig. 2.101, PCaB mRNA was expressed in all the tissues tested. The 
expression levels of PCa in the gill tissue and hemolymph were significantly higher 
than those in the gonad, mantle, and digestion gland tissues (p < 0.05). 

The mantle of P. fucata is a key tissue responsible for oyster biomineralization, 
e.g., it participates actively in the secretion of calcium and other ions for mineral 
growth in shell formation [113]. To examine the precise expression site of PCa 
mRNA in the mantle tissue of P. fucata, in situ hybridization was performed on the 
mantle tissue. As shown in Fig. 2.102, strong hybridization signals were detected on 
both sides of the inner fold and on the outer side of the middle fold of the mantle. 
However, no hybridization signal was detected on either side of the outer fold of the 
mantle. Hybridization with the control sense probe yielded no hybridization signals 
(data not shown). 

In this study, we cloned and characterized a voltage-dependent calcium channel 
B-subunit CDNA from P. fucata and analyzed its expression and distribution patterns 
to investigate possible roles of voltage-dependent calcium channels in mollusk shell 
formation. The amino acid sequence deduced from the cDNA sequence contains a 
putative BID, which interacts with the al subunit and forms a al/B complex 
[321]. Although PCaB has the key domains of the voltage-dependent calcium 
channel B subunit, it is generally 70-80% the length of voltage-dependent calcium 
channel B-subunits from other species in the NCBI database. For example, the 
voltage-dependent calcium channel f-subunit of Loligo bleeker has 514 amino 
acids (BAB88219), and that of Lymnaea stagnalis has 568 amino acids 
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Fig. 2.101 Expression of voltage-dependent calcium channel B-subunit (PCaB) mRNA in tissues 
of Pinctada fucata 

(a) Semiquantitative RT-PCR was done with RNA samples from the adult tissues of P. fucata. The 
PCR products (1157 bp) were indicated by an arrow, and the GAPDH mRNA expression level was 
used as an internal control. (b) Densitometry analysis of PCaB mRNA expression in tissues of 
P. fucata. The results were standardized using results of the internal GAPDH control. The results 
are expressed as mean + SD of three independent experiments. Data were analyzed by one-way 
analysis of variance (ANOVA) using Tukey’s test. Bars: 7, gonad; 2, gill; 3, hemolymph; 4, mantle; 
and 5, digestion gland 


(AAO83844). From the 371st amino acid onward, the carboxyl terminus of PCaB 
showed low homology with those of other voltage-dependent calcium channel ß 
subunits; however, this region was conserved among other voltage-dependent cal- 
cium channel B subunits. Recently, several truncated B-subunit isoforms have been 
identified. A truncated 63 subunit resulted from deletion of a 20 bp exon resulting in 
a reading frame shift and translation break [322]. A similar truncated B84 mRNA was 
identified in chicken, resulting from a 59 bp exon skipping [323]. A truncated $3 
mRNA was previously reported in the mouse brain [324]. This results in a protein 
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Fig. 2.102 In situ hybridization of P. fucata voltage-dependent calcium channel B-subunit (PCa) 
mRNA in mantle 

Strong hybridization signals were detected in the inner and outer epithelial cells of the inner fold 
(arrows) and in the outer epithelial cells of the middle fold of the mantle (arrows). To view the 
distribution of hybridization signals in the whole tissue, two overlapping pictures of the same 
section were taken together. OF outer fold, MF middle fold, ZF inner fold. Scale bars: 0.2 mm 


lacking the B-interaction domain (BID) sequence. Although PCa has both BID and 
the GK domain, it is likely to have a truncated C-terminal and a premature stop 
codon. Consequently, PCaf is likely to be a truncated voltage-dependent calcium 
channel B-subunit isoform. 

The results of the semiquantitative RT-PCR analysis show that PCaB mRNA is 
expressed in all the tissues tested; the wide tissue distribution of PCaB suggests that 
PCaB is involved in many subunit arrangements with the œl subunit. The tissue 
distribution of PCa, to a certain extent, indicates the distribution pattern of L-type 
voltage-dependent calcium channels in P. fucata because the -subunit is always 
connected to the a1 subunit [325]. Actually, voltage-dependent calcium channels are 
expressed in almost all mammalian tissues and organs. 

Shell formation needs a large amount of calcium, which are absorbed from 
various body surfaces such as the mantle, gill, and byssus of mollusks and 
transported to the biomineralization site mainly through hemolymph [107, 326]. In 
marine and freshwater mollusks, the gill tissue has been shown to be important in Ca 
?+ uptake [107, 108]. The semiquantitative RT-PCR analysis showed that PCaf 
mRNA has a significantly higher expression level in the gill tissue than in the gonad, 
mantle, and digestion gland tissues, suggesting that L-type voltage-dependent cal- 
cium channels are proteins responsible for Ca** absorption from seawater. 

Hemolymph is used as the transport vehicle, circulating high concentrations of 
calcium and carbonate to the biomineralization site [107]. However, to date, there 
are few reports on voltage-dependent calcium channels in invertebrate hemolymph. 
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In our study, the highest expression level of the voltage-dependent calcium channel 
B-subunit was detected in hemolymph, which suggests that L-type voltage-depen- 
dent calcium channels are involved in Ca** entry into the hemocytes. In addition, 
recent observations suggest that hemocytes contain amorphous calcium carbonate 
(ACC) and are directly involved in shell crystal formation in oyster [327]. Ca** and 
ACC transports via hemolymph both require Ca** entry into the hemocytes. Ca** 
and ACC are transported to the calcifying epithelium, namely, the mantle of 
P. fucata the key tissue responsible for the secretion of inorganic and organic 
matrixes to the extrapallial space in which CaCO; crystals are deposited. Calcium 
and bicarbonate from hemolymph are then brought into by the outer membrane 
epithelial cells of the mantle. 

Compared with the PCaB mRNA expression level in the gill tissue and hemocytes 
as determined by semiquantitative RT-PCR analysis, which in the mantle was low, 
we suspected that mantle may not be the most important tissue responsible for Ca** 
absorption from an external medium. There actually exist different mechanisms of 
Ca” transport from the mantle to the extrapallial space because the epithelial cells in 
different parts of the mantle vary anatomically, histochemically, and functionally. In 
bivalves, it has been proposed that the passive diffusion of calcium into the 
extrapallial cavity through transport channels formed between cells is performed 
by epithelial cells within the pallial line of the mantle [328], whereas the transcellular 
pathway (passive and diffusional) is performed by those outside the pallial line, in 
the marginal zone, to transport calcium through cells to the biomineralization site. 
Obviously, further study of the distribution of voltage-dependent calcium channels 
in different parts of the mantle is needed. 

The mantle edge in bivalves usually consists of three folds: outer, middle, and 
inner folds. The outer epithelial cells of the outer fold of the mantle, facing the shell 
and extrapallial space, are not in direct contact with the ambient medium, but they 
participate in biomineralization [212]. In situ hybridization showed no visible 
hybridization signals in the outer epithelial cells of the outer fold, suggesting that 
voltage-dependent calcium channels are not involved in Ca** transport from the 
outer epithelial cells into the extrapallial space. The epithelial cells of the inner and 
middle folds are in direct contact with the ambient medium; strong signals suggest 
that voltage-dependent calcium channels mostly participate in Ca** absorption from 
seawater [320]. 

In conclusion, the cloned L-type voltage-dependent calcium channel B-subunit is 
likely a truncated B-subunit isoform. It is suggested that voltage-dependent calcium 
channels are responsible for Ca** absorption from seawater in the gill tissue and in 
the inner epithelial cells of the mantle but not for direct Ca** transport from the outer 
epithelial cells of the mantle into the extrapallial space. In addition, L-type voltage- 
dependent calcium channels play an important role in Ca** entry into hemolymph. 
The detailed mechanisms of L-type voltage-dependent calcium channel in Ca** 
absorption and transport need further study. 
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2.5.2 Cloning, Characterization, and Expression Patterns 
of Three Sarco-/Endoplasmic Reticulum Ca**-ATPase 
Isoforms from Pearl Oyster (Pinctada fucata) 


A large quantity of calcium is badly needed for shell biomineralization. Sarco-/ 
endoplasmic reticulum Ca**-ATPase (SERCA) is a widely known protein function- 
ing on supporting the calcium homeostasis. What is its specific working mechanism 
during biomineralization in pearl oyster? Three SERCA isoforms, namely, PSERA, 
PSERB, and PSERC, were successively cloned from Pinctada fucata. The cDNAs 
of the three isoforms were isolated by RT-PCR and RACE. PSERA comprised 
3568 bp encoding 1007 amino acids; PSERB was 3953 bp encoding 1024 amino 
acids, and PSERC consisted of 3450 bp encoding 1000 amino acids. The three 
isoforms exhibited high homology (65%-—87%) with SERCAs from other species. In 
accordance with the results from other invertebrates, Southern blot analysis indicated 
that the three isoforms were derived from a single gene which was also associated 
with SERCAI, SERCA2, and SERCA3 of vertebrates. The splicing mechanism of 
the three isoforms was identical to these isoforms of vertebrate SERCA3. Semi- 
quantitative RT-PCR was then performed to investigate the distribution patterns of 
the three isoforms. The results revealed that PSERA was detected in foot and 
adductor muscle and was very likely to be a muscle-specific isoform, PSERB was 
extensively detected in all tested tissues and was a potential “housekeeping” SERCA 
isoform, and PSERC was expressed in all the other tissues except foot and adductor 
muscle, with its highest expression level in the gill and mantle, indicating that it was 
a non-muscle-specific isoform and might participate in calcium homeostasis during 
shell formation. 


2.5.2.1 Isolation and Sequence Analysis of cDNA Sequence Encoding 
SERCA 


We obtained a 1112 bp cDNA product F1 with two degenerate oligonucleotides 
(L1 and L2), the template of which was from total adductor muscle RNA. Two gene- 
specific primers were designed and synthesized based on the known fragment for 
further 5’- and 3’-RACE. The product of 5'-RACE was a fragment of 1510 bp, while 
the products of 3’-RACE comprised three fragments with different sizes: 1176 bp, 
1298 bp, and 1680 bp. Then we designed and used another three different pairs of 
specific primers (L3 and L4, L3 and L5, L3 and L6) in accordance with the 5’ and 3’ 
untranslated sequences separately to confirm sequences of putative SERCA cDNA 
the sequence obtained from RACE. The PCR products were then sequenced to 
confirm whether it could match the expected sequence from 5’- and 3’-RACE. 

The full-length cDNAs of the three isoforms, PSERA, PSERB, and PSERC, were 
3568 bp, 3953 bp, and 3450 bp, respectively. PSERA had an open reading frame 
(ORF) of 3021 bp encoding 1007 amino acids with a calculated molecular mass of 
approximately 111.2 kDa and a 325 bp 3’ untranslated region; PSERB possessed an 
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ORF of 3072 bp encoding a 1024 amino acid protein with a calculated molecular 
mass of approximately 112.8 kDa and a 659 bp 3’ untranslated region; and PSERC 
had a 3000 bp ORF encoding a 1000 amino acid protein with a calculated molecular 
mass of approximately 110.3 kDa and a 228 bp 3’ untranslated region. The three 
isoforms share a common 219 bp at 5’ untranslated region. These cDNA sequences 
have been successfully submitted to GenBank with accession nos. EF488285, 
EF488286, and EF488287, respectively. 

PSERA had a stop codon TAA and a poly (A) tail, but without poly (A) addition 
signal AATAAA; PSERB was similar to PSERA but had a poly (A) addition signal 
AATAAA ahead of the poly (A) tail; interestingly, both stop codon TAA and the 
poly (A) addition signal AATAAA were found in PSERC, but poly (A) tail was 
missing. The three isoforms were almost identical except their 3’ terminals where 
cDNA sequence just diverged at nucleotide 2980. What’s more, it should be noted 
that there was another 156 bp common nucleotide fragment between PSERA and 
PSERC, locating downstream at the divergence site. The deduced amino acid 
sequences of PSERA, PSERB, and PSERC all shared common domains in other 
SERCAs from other species, including the fluorescein isothiocyanate site, phosphor- 
ylation region and the 5/-pfluorosulfonylbenzoyladenosine binding site, 
phospholamban-binding motif, tryptic sites, and thapsigargin sites (Fig. 2.103). 
Both PSERA and PSERC owned ten transmembrane domains like other known 
SERCAs in other species; however, PSERB just had a potential extra transmem- 
brane domain (Fig. 2.104). 

A homology search was performed with the BLASTP program against all protein 
sequences in GenBank. The deduced amino acid sequences of the three isoforms 
showed similar homologies to each other (97%-—-99%), and each of them was 
matched with a large amount of SERCAs from various species no matter in inver- 
tebrates or vertebrates. They exhibited the highest homology with SERCA in 
mollusk sea scallop (84%-—-87%) and the least homology with crayfish (75%- 
77%). Furthermore, they also exhibited 66%—76% identities with mammalian 
SERCA1, SERCA2, and SERCA3. The phylogenetic tree we built showed a sepa- 
rate branching between vertebrate SERCAs and invertebrate SERCAs. SERCA from 
P. fucata was much closer to invertebrate SERCAs than vertebrate SERCAs phylo- 
genetically as we could see from Fig. 2.105. 


2.5.2.2 Southern Blot Analysis of the SERCA Gene Copy Number 


The similarity analysis of amino acid sequences among the three isoforms suggested 
that they may originate from a same gene. So we performed Southern blotting to 
confirm this hypothesis. The genomic DNA was extracted and digested by two 
different restriction endonuclease enzymes, XhoI and EcoRV, neither of which 
could cut the DNA sequence of the three isoforms. After digestion, they were then 
hybridized with a specifically designed cDNA probe from nucleotide 2530 to 2970, a 
highly conserved region among them. No significant band was detected in the 
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negative control group (data not shown). These results showed one specific hybrid- 
ization band in each DNA lane, indicating that these isoforms were truly encoded by 
one identical gene (Fig. 2.106). 


2.5.2.3 Tissue Distribution Analysis of Isoforms by Semiquantitative 
RT-PCR 


Semiquantitative RT-PCR was performed to determine the tissue expression of the 
three isoforms in P. fucata. RT-PCR was then carried out with RNA samples from 
the mantle, adductor muscle, digestive gland, gill, foot, and gonad. A common 
forward primer L7 and three reverse primers L8, L9, and L10 specifically designed 
for every isoform were used to amplify all the isoforms. As shown in Fig. 2.107, 
PSERA was detected in only the adductor muscle (higher) and foot; PSERB was 
detected in all the tested tissues and PSERC was found in all other tissues except the 
foot and adductor muscle. And the relative expression level of PSERB was similar in 
each tissue. PSERC exhibited higher expression level in gill other than in remaining 
tested tissues. 

Our present studies described the identification, characterization, and tissue 
distribution of three different SERCA isoforms in pearl oyster P. fucata. The three 
isoforms were different from each other especially in their C-terminal amino acids, 
but all of them were encoded by one single gene. Although several SERCA genes 
have been successfully identified from the mollusk, such as Yesso scallop and sea 
scallop, SERCA was the first gene obtained from P. fucata. 

It has been reported that SERCA pumps consist of three genes, SERCAI, 
SERCA2, and SERCA3, in mammals and birds [332]. SERCA1 produces two 
isoforms, SERCAla and SERCAIb, by alternative splicing [330, 333, 334]; 
SERCA2 gives rise to SERCA2a, SERCA2b, and SERCA2c isoforms [335-337], 
while SERCA3 has six isoforms, including SERCA3a-f [338-340]. In addition, 
SERCAs was identified and characterized, and their isoforms have been proven 
encoded by one gene in some invertebrates, 1.e., the crayfish heart muscle and axial 
muscle isoforms [341, 342]. Artemia 4.5 kb and 5.2 kb isoforms [343] also belong to 
this category. Our results confirmed the previous hypothesis that there was a unique 
ancestral SERCA gene that could produce the three genes in vertebrates and a single 
gene in invertebrates [343]. 

Artemia and crayfish SERCA may have a similar splicing mechanism to the 
vertebrate SERCA2 gene, where the donor splicing site of the penultimate exon can 
either be recognized and fused to the last exon, giving rise to the mRNA coding for 
the shorter protein, or remains unrecognized, in which case a poly (A) site is 
recognized before the last exon of the gene and the mRNA coding for the longer 
protein is originated [342]. P. fucata SERCA gives rise to three isoforms, and their 
splicing mechanism is likely to be similar to that of the vertebrate SERCA3 gene, 
where the penultimate exon can be alternatively excluded, partially included, or 
totally included, thus generating, respectively, three isoforms with different 
C-terminals [339]. Among the three isoforms of P. fucata SERCA, there is likely 
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ANGATGANCTICTATAACAOGGACHAATOCAACCTOAGTARACGTONGARAGSTACCSCAGCCARTCATGICATCICTCAGATGTOSRAG Idii 
K KH WF Y KTOoE § WES KRE KF GTA AWN HY £8 6 HR OW OK dò 
AAGGAATTCACSCTOSAATICTCOOOGCGACAGGAARAGTATGAGTSTSTACTOCTCCOCTAACARACCARCACGCSTACCOGG0RSTSCT 1530 
K EF TLeErsAoRE SM SY ¥ C8 PH KE PPR OV oF 6 GG A SO 
AAGATGTTTTSCAAGGSTOCTOCAGAAGGATTGTTAGACAGOTGTACACACGTTAGAGTACAAGGAAACAAAGTOOCCATOTTACOOSCC 16230 
E H F €KEGaA FESGuLULioREeE TFT HW RYV @ & HR KV BB GE OA OBO 
FITC 
NTCRAMACOGAGA TCATGARGCA TOCCARGTCTTA TOGARCTSSTOSTGACACATTGAGATGTTTGGOTTTGGOCACCATTGACRGCCCA 1710 
IF TE INMEHAĀAKS YG TOR DDTLRRC LALAT IDS P Fo 
COCAGOIGAGANGATATOGACCTOGAAGATTCTAGGAAATICATTCAGTATGAGACTANCATGACTTITGG I TGSTotTGlTTaGaaTaTTs 1800 
FSR EODHODLEDODSREKEFIO@ YY ETNHMHTFTFVSOV VY GME 6 
GATCCACCCCGAACTGAGOTSTTTCACTCCATCAAGGAATOTCGTOGAGCAGSTATCOGTOTCATCGTCATCACTOGTGACAACARGGCE 1690 
D PFRTeEeV PF HTK BE ORG AG TRVEVI Te OH KA B30 
ACTOCOGAGGCTATTTSOOGTAGGATTOSTOTOTTIGOTGNGAATGAATCTACOGAGGSTCTGGCTTTICACAGGACGCGAGTTTGATGAT 1980 
TAEFATEGCERRIGYVYFGENWESB TEGQLAFTG&REPF OB 60 
TTATCGACGGAGGRACAGAGGTCAGCTSTTATE°STSCTOSECTSTTICOCTOSSGTAGARCCTACACATAAGAGCAGAATTGTAGAATAT 2070 
LST EE GRE AVY AH RA RL FAR Y B&B PPA RK BS RY E YO 
CTACAAGPREAASGAGAGATCTOSSCTATGAC TORTGACGSTETOAATGATOOOCOREOCCTOARAARAGCCGAGATCOOSTATOOOCATG 862180 
Lee EGE I3 AMT GOD Go ¥ Ww DA FA EL KF ROA 6b EF GT OA OR 720 


FRA 

GGA TCGSSTACAGOCGTAGCTAAGACTOCOTCAGAGATOOTOCTAGCTGACGACAACTICACGTCTATIONIOCAGCCOTAGAGGARGGC 2250 

G4S46TA VA K TAT EwWMYVY¥ LAD DODWPF TBI V A A VY EGE OG 750 
AGRGCCATCTATARTARCA TSARACAATTTIATCOGTIACCTGOATCTOCTCCAACATTIGONGAAGICOTCIOTATITICCTOACCGOTSCc JM) 

RAdTI*Y¥W#HAHEKGPFIERY BT eEHhHeTe)S|eeE¥ Ve TF PFGE TAK OA O80 
CTOGECATTOCTOAAGCOCTGATTOCOSTACASCTCTIATSOOSTTARCCTOGTCACTGACGGTTIACCGSC0CACCGCCCTOGGATTINAT 2430 

L GIPEALIPYOLLEYNLVYVTEGLFEATALGOFE HMH #10 
SOOOCTRACCTIGACA TCA TGAAGARACCACCAAGGARCOOCAAGGAGG2ACTCATOACT AM Teel TaliiTTcMehtACATSsc TATE 2520 

FEoOtLo6B#EIeMRKEKEKBRFERAWAPRRKREGOLI Toe FF eR Y¥ HA TT Bad 
GGRATTTACGTOSSTTOTOC TACTSTAGG TOC TGOOGOCTGGTGGTTTATGATCTATOACCACGGACCCARACTGAACTACTATCAACTS 2010 

© ©€FTrTY¥&G@eA TY G@AA A PPP RTF OR Ge PEK LNMNYYOL ero 
ACOCATCATATSCAGTOTCCGGCOGRACCARAAATGTICARAGGTO. TGATIGIAATAINI DOAATGATCCTCATOCARTGACART@SC© 2700 

T H H MH @ C FA & F&F K AMF KOG VY beW TF WHO PRP ROT KK %0 

L 3 ¥ L V T IEMILHNHA LNS L3 ENQ L IZME PHN sao 
AAGTOOCTOCTRESNGCCATCOCTOTOTCTATGTCACTACACTICTICATCOTOTATGIAGATGTIATGTOCTACAATITICCAGATCACT 2680 

K PWLLigata &£EFWKeELHEFRFTL¥ VY BY WH TF @ IIT %0 
SOOCTOACETSSCTON TSGATISCAGTACTOAAGATCTICTATACCAGTIATIOTACTTIGAOGNANCTODAAGTICATAGCOOSCARR 2570 

PLE MUWAEePT ARE GT KET eB tT PV TTB BD BT Ee KFT A KR KO OUSO 
TITACTOACH TOTCTOATOACAAGAGATATAGTAGAGC TACHAALA DPGATEAARATOCARAACTICAGPOATIOATTIOANACTONGACT Jii 
FTe VisBBBKRY&RA T KM Gt 1020 
ACOOCGAGCTITITICTOAAAAGGGACACCTICARCAGTGACAAC TOAG TOA TOTIAGAARGGTICTAAAGACCATTARAGCAGTGTATACOG 3150 
CGAGCACATCOGTOCACGCTICCCTACTTTTATAACTOCTOCTATACTAGAARARAAATGTTAGTTOTACGTATATACAGCGTAGCAATA 3240 
CETOCAAGCGATATGTCACAAGCTAACCGAATTAGATATACACTTATCRATCTARAACOTATAATTCATGTAAGTTOCARARAAAARARARA 3330 
ARRRRARARAARRRARARAA 3420 


PSERB 


G/GTAATACAAGTTCATCTACACTAATT. TAGAATCOOIOCAGTCATRPCCCTTIGTINGORSCAGTCOTATATIOSATIGSCATATOTGIGCOCA F060 

GNTS 35S TEIT Les PY WH AE OV Om A VY EY TG bE OAK OY ¥ OC OF 1080 
OTTTGATGACGGSTTCTSS TATARAAGTOTAAGAGTTACCTOCICTTTSCAATTTARTSTOSGATTATCISCOCTITSTTITSTAROOS 3150 
y 1050 
ATCATTOCTITACATTAATACATGOCAAGTTTAACAGTCATATOGAOCACACCCAGTAGAATAGACAATATAATGCTOTTACCACGGAAA J240 
CGGGAGTGAAATATGTAAGTTACAAACTTTTOATARCAARAAATATCGGCAGTTAGAGATTCAGOGACTAGCATTTCAATATTAGCAGGGCA 3330 
TIGCAGCATTOTTAACAATTTTCCASAGATGTITIAAACTITACNGSSAAATICATITIIATCCTITATARACACTIGNIIOIGSCAGAR J420 
TIIATTTATGATTTATCATITATOGGAAGAARCARTCAGARATITTITAAACARARAGTAAATITGTARATACTCARARACTICACARAATT 31510 
TCATTTACATAATTTAGGGATCATTIGTACTTOCACACTTTOAATGAGCAARATAGOGSATATAAAAGTGTATGTGTATGARAGTGTATG  þJé0ů 
TACCTOTGCAATOTGAACATGTGTAGCTAGAACAGTATOGTOCAAGCAGGAAGGCAMATTOCAGACAGOAATCAARACOTAAATARAGTC 3690 


ACATGGCGAAAAAAAAAAAAAAAAAARAAAAAAAAAA 3780 
PSERC 

GICAAAACTTCAGGGATTGATTIABACTGAGACTACCCGAGCTICTICTGARAAGGGACACCTTCAACAGTGACAACTGAGTGATCTIAG 3060 
AKLQO6L Is 1020 
AAGOTTCTAAAGACCATTIAAGCAGTOTTATACCOCGAGCACATCOGTCCACGCTCOCTACTITIATACTOCICIATACCTAGGARARAS F150 
AAMANCAATAARAAGGTACTCTGCGTGATCCACTGCTIGCCTATATTGAGTCGATIAAATCGAATTCCGCGCG 7240 


Fig. 2.103 Nucleotide and deduced amino acid sequences of three Pinctada fucata SERCA 
isoforms 


Three isoforms have successfully been submitted to GenBank with accession nos. PSERA, 
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Fig. 2.104 Comparison of hydropathy plots of the SERCA isoform PSERA (a), PSERB (b), and 
PSERC (c) from Pinctada fucata 

Hydrophobicity scores were determined by the method raised by Kyte and Doolittle [329] using a 
window of 13 residues (http://cn.expasy.org/tools/protscale.html). Putative transmembrane 
domains were numbered and marked on the basis of the model of Brandl et al. [330]. Arrows 
showed the extra potential transmembrane domains 


to be an optional exon existing downstream of the conserved point of divergence. In 
PSERA, this exon is partially included; in PSERB this exon is totally included, while 
in PSERC this exon is excluded. Further research at the genomic level is necessary to 
disclose the exact splicing mechanism of the three isoforms. 

However, little has been reported about the biological significance of the identi- 
fication of multiple SERCA isoforms in invertebrate. Previous research didn’t focus 
on function differences among different isoforms although their tissue distribution 
pattern was quite different [342, 344]. The divergent C-terminal of the three isoforms 
exhibited poor homology. The C-terminal extension attributed a lot to the prominent 
hydrophobic property of PSERB, and it was very likely that this extension could 
form the 11th transmembrane domain. Semiquantitative RT-PCR results indicated 
that PSERB showed a wide expression in various tissues; thus it was difficult to 
combine this extra domain with those particular tissues. On the contrary, PSERA and 
PSERC were highly expressed in certain particular tissues, respectively. The differ- 
ential of 3’ terminal from SERCA might be engaged in the location of SERCA in 
different cell types or different sites of the same cell. 

SERCA1 and SERCAS3 exhibit a restricted expression pattern, while SERCA2 is 
extensively expressed in mammals. SERCA 1a is the main isoform of fast-twitch 
Skeletal muscles [345], while isoform SERCA 1b is detected in neonatal muscles 


es 


Fig. 2.103 (continued) EF488285; PSERB, EF48828; and PSERC, EF488287. Nucleotides and 
amino acids were numbered to the right of the sequence. (A) Common sequences of the three 
isoforms. The phosphorylation site, the fluorescein isothiocyanate site (FITC), and the 5- 
’-pfluorosulfonylbenzoyladenosine binding site (FSBA) were underlined and labeled. Two typical 
tryptic sites R188 and R505 existing in sarco-/endoplasmic reticulum Ca”*-ATPase (SERCA)1 and 
SERCA2 were marked in bold and underlined. Typical phospholamban-binding motif of SERCA2 
was underlined italicized. Putative thapsigargin sites were indicated in bold. (B) Differential 3’ 
terminals of the three isoforms. Slash in the sequence at nucleotide 2980 was the site where the three 
isoforms diverged from each other. Stop codon was showed by asterisks. Common sequences of 
PSERA and PSERC were indicated in bold and italics 
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Fig. 2.105 Homology comparison and phylogenetic analysis of the three SERCA isoforms from 
Pinctada fucata with SERCASs from other species 

(a) Matrix indicated the percentage of identities of the aligned SERCAs determined by ClustalX 
program based on the full amino acid sequence. (b) Phylogenetic tree showed the evolutionary 
relationship between SERCAs and other different species according to (a). Values at branch points 
were bootstrap percentages with 1000 replications. Accession numbers of these sequences could be 
found in GenBank database were the following: HosATP1, Homo sapiens SERCA1 (014983); 
HosATP2, Homo sapiens SERCA2 (NP_733765); HosATP3, Homo sapiens SERCA3 (Q93084); 
OrcATP1, Oryctolagus cuniculus SERCA1 (P04191); MumATP2, Mus musculus SERCA2 
(055143); MumATP3, Mus musculus SERCA3 (Q64518); MiyATP, Mizuhopecten yessoensis 
SERCA (BAA37143); PrcaATP, Procambarus clarkii axial muscle SERCA (AAB82291); 
PrchATP, Procambarus clarkii heart muscle SERCA (AAB82290), PImATP, Placopecten 
magellanicus SERCA (AAC63909); GagATP3, Gallus gallus SERCA3 (NP_990222); GagATP2, 
Gallus gallus SERCA2 (B40812); GagATP1, Gallus gallus SERCA1 (NP_990850); CafATP2, 
Canis familiaris SERCA2 (NP_001003214); CafATP1, Canis familiaris SERCA1 (XP_849777); 
PosATP, Porcellio scaber SERCA (AAN77377), PSERA (EF488285), PSERB (EF488286), and 
PSERC (EF488287) 


2.5 Preliminary Exploration of Calcium Channel and Calcium Transportation 185 


Fig. 2.106 Southern blot EcoRY Xhol control 
analysis of the copy number 
of sarco-/endoplasmic 
reticulum Ca*-ATPase 
gene in Pinctada fucata 


[331] 

Genomic DNA (20 ug) was 

digested with Xhol or 

EcoRV, respectively, then 5. 2kb 
separated on a 0.7 % agarose a 
gel, and after transferred to a 4. 2kb 


new nitrocellulose 
membrane; then it was 
hybridized with a 
specifically designed probe 
from nucleotide 2530 to 
2970 of the isoform PSERA 
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Fig. 2.107 Tissue distribution and mRNA expression analysis of the three sarco-/endoplasmic 
reticulum Ca**-ATPase isoforms in different tissues from Pinctada fucata 
Semiquantitative RT-PCR was carried out with RNA samples from the adult tissues in Pinctada 
fucata. PCR products of the PSERA (346 bp), PSERB (734 bp), and PSERC (271 bp) were 
indicated by the arrows, and the expression of GAPDH (252 bp) was used as an internal control. 
I, mantle; 2, gonad; 3, gill; 4, digestive gland; 5, adductor muscle; 6, foot 


[330, 337]. SERCA2a mainly expresses in slow-twitch cardiac, skeletal, and smooth 
muscles [335, 346, 347]; SERCA2b is widely expressed and considered as the 
housekeeping calcium pump [348, 349]. SERCAS3 is present in platelets and other 
blood-forming cell lines as well as many endothelial and epithelial cells 
[350, 351]. Furthermore, the isoforms of SERCA3 are rarely alone and always 
co-expressed with SERCA2 [350]. In this paper, PSERB is widely distributed in 
various tissues and functions as a potential “housekeeping gene’; its distribution 
pattern is similar to that of SERCA2b according to previous research. PSERA is 
detected in foot and adductor muscle, which also exhibits a relative higher expres- 
sion level in the adductor muscle. PSERC is detected in other tissues except the foot 
or adductor muscle, and the highest expression in the gill and mantle, suggesting us 
it might be a non-muscle-specific isoform. The adductor muscle in P. fucata controls 
the opening and closing of the shell, and the foot regulates shell movement. In other 
words, muscle cells are indispensable for both foot and adductor muscle. Therefore, 
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PSERA is very likely to be a muscle-specific isoform, while SERCA mainly 
functions on helping relax contracted muscles [352-354]. The high expression levels 
of PSERA in adductor muscle suggested that the function of PSERA mainly focused 
on the muscle relaxation of P. fucata. A lot of studies have revealed that mantle is the 
key tissue controlling calcium secretion to the mineralization site after the uptake of 
calcium from seawater [354]. Gill is another pivotal tissue for calcium uptake from 
seawater [355]. They both participate in the active calctum metabolism, and calcium 
homeostasis is particularly vital to them. High expression of PSERC in the gill and 
mantle suggests that it may play essential roles in calcium homeostasis during 
biomineralization. Apparently, it is very essential to perform further investigations 
on the concrete functions of PSERC in calcium homeostasis of P. fucata, with which 
the mechanism of calcium uptake, deposition, and transportation may be clearly 
understood. Further work associated with the specific location of PSERC at the 
mantle and gill and in vitro expression of the three isoforms based on their cDNA 
sequences remains further conducted [331]. 

All in all, the three identified SERCA isoforms PSERA, PSERB, and PSERC 
from the pearl oyster P. fucata exhibited high homology with SERCAs from other 
species. The splicing mechanism of these three isoforms in P. fucata is similar to 
SERCA3 in mammals; the three isoforms exhibit different expression patterns in 
various tissues. Isoform PSERC probably plays a key role in calcium homeostasis 
during oyster biomineralization. 


2.5.3 Cloning, Characterization, and Expression Analysis 
of Calreticulin from Pearl Oyster Pinctada fucata 


Calreticulin is a unique calcium-binding protein with multiple functions mostly 
located in the sarcoplasmic/endoplasmic reticulum. A large amount of calcium is 
absorbed from the medium and transported to mineralization sites during biominer- 
alization in pearl oyster. This paper describes the cloning of the full-length cDNA of 
calreticulin from Pinctada fucata, namely, PCRT. PCRT encodes a deduced 
414 amino acid protein, which includes a predicted 17 amino acid signal peptide 
and an endoplasmic reticulum retrieval sequence HDEL. The protein shows 63%— 
76% sequence identity and shares some common characteristics with calreticulins 
from other species. Semiquantitative RT-PCR indicates that PCRT is ubiquitously 
expressed in all tissues tested with the highest expression in the hemolymph and the 
mantle. In situ hybridization analysis of PCRT in the mantle showed strong signals 
in the inner fold, the inner side of middle fold, and the inner side of outer fold of the 
mantle epithelium. All these results suggest PCRT might be involved in Ca** 
transport and storage during oyster biomineralization. 
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2.5.3.1 Cloning of PCRT 


A 533 bp PCR product named CRT1, showing high similarity with calreticulin from 
other species, was amplified from the mantle of Pinctada fucata using degenerate 
oligonucleotide primers derived from the conserved regions of the calreticulin 
nucleotide sequences. Two specific gene primers (GCRTFI1 and GCRTR1) were 
synthesized based on this sequence and used to amplify the 3’- and 5’-nucleotide 
sequences of the PCRT cDNA by RACE reactions. To confirm the sequence 
obtained by RACE, two specific primers (CRTQF1 and CRTQR1) were designed 
corresponding to the 5’ UTR and 3’ UTR of PCRT mRNA. The PCR products were 
cloned and sequenced and found to match well the sequence expected from the 
results of the 5’- and 3’-RACE. 

As shown in Fig. 2.108, the complete PCRT cDNA sequence including the poly 
(A) tail derived from the mRNA of pearl oyster was 1935 bp. The sequence 


ARGCAGTAGTATCAACGCAGAGTCATCTGGG6C TCAGRAGTCAACAATCATACAGCGGAGGGAGCAACGTTTACAGCGACCAGCAAGA 87 
ATGAAAGCTGTTTTTCTGCTIGTSTTAGTCGOGAGTITTATACTCCGACGCTACTATTCATTICGRAGABRAAGTTITGATAGTGATGGTTGGS 177 
T I HFE B E KF F OD S5 DBD GHW St 





ARAGACARATGGGTAGATTCCACAAA TARRGGAGCCGAGCAAGGAAAGTTTGAATGGACAGCTGGAARAGTTTITATGGGGATGCTGATAAG 2 
K DK WYW¥Y¥oOssT?éN KF GA Ee G&G K F EB BTA GE KE F YY GDA DBD K È 
GACAAAGGRATTCAGACTTCCCAAGATGCAAAGTICTATGGAATTTCAGCAAAACTTGATAAACCCTTCAGCAATGAGGGAAAGAAGCTA 3 
DK GtdIeT &’ @ DpDA K F ¥Y GIS A KUL OD K PF §§ NE G K EL 8 
GTTGTCCAATTTACTGTTAAGCACGAGCAGAACATTGACTGTGGTGGAGGGTATTTGAAGGTATTCTCCAGCGATTTGGACCAGGCAGGC 447 
VV @ F —T V EF RP Eogu»4<tipeeés«g¢¢eyYreik*¥*Fss0B0DLOB eA G&G 120 
ATGCATGGAGACTCCCCTTATCTTATCATGTTTGGGCCTGATATTTGTGGACCAGGGACAAAGRAAGTCCATGTCATCTTCAACTACAAA 37 
M H G D S5 P Y L I M@ F G& PPE ©] & FF 8G6& TF KK OV HW Tt FON OY CK 150 
GGAAAGAATTTACTTGTCAAGABRAGAAATCCGATGCAAGGATGATGTATTTACCCATTTGTACACTTTGATTGTAAATICTGACAACACG 627 


G KF NLLY¥E KEmsIRe KRD D ¥FETHLYTILIVYNS DNT 180 

TACGAAGTCAGGATTGATAACGAGAAGGCTGAGAGTGGAAATTTAGAGGAAGACTGGGACTTTTTACCACCCAAGAAAATTAAGGATCCT T17 

Y E ¥ R I DNEĘEKAES GNH LEEDAUEDFE L P| P EE K I E D FP 210 
M Al 


GRGGCTAAGAAGCC TGAAGATTSGGA TGACCGTGAGAAAATTGATGATCCTGATGACACAARACCCGAGGACTGGGACAKAGCCAGAACAC S07 
E A KKP E Bb WOOD BR E& K © Bb DP FF DB FF KF P E Gb WwW DB K F E H 240 
Al A? AS 
ATCCCTGACCCAGATGCCAAGARACCCGACGACTGGGATGATGAAATOGACGGTGAATGGGAACCCCCACAGATTGATAACCCCGAGTAC 897 
I P D P D A KKP D D WDDEMD a EWE PP OIDHRE FE Y 270 


AS B1 
ARGGGAGAATGGAAACCAAARAACAGATTGATAATCCAGCATACAAAGGAAAATGGATTCATCCAGAAATAGATAACCCTGAATATGTTITGCT 387 
K G E WKP K Q0 ID NPAT KGOKWEIHFPE ID N PEY YTJ|A 300 

B3 B3 P c 


GATGATAAATTATATAAATATGACGATATTGGTGCCATAGGATTTGATTTATGGCAGGTAAAATCAGGAACAATTTTTGATAACATTATA 107 
DDKKELYKY¥DeODBIGAT GRP DBDL_AOVE S&S GT IFD I I 380 
ATAACAGATGATATAAAAGAAGCAGAGGAAGATGCCAAATTATGGAGTGCGACCAAAGATGCTGAAAAGAAAATGAAAGATCAACAGGAT 1167 
ITDDIKEAEBODAKLUWSSATK DAE K KM KD O QD 320 
GAGGAAGARAGGAAACAGAGAGAAGAGGAAGAAAAGAAGAGGARAGAAGAAGAGAAGGATAGTARAAAAGATGACGATGATGATGATGAC 1257 
E E E R K @ R B EB B&B B K KF R KF EB B B&B K DOD B&B KF KF DDDDDDD 390 
GATGCTGATGA TGA TGAAGAAAAGGA TGACGACAAGAAAGAGGATAGCGATGATCATGACCATGATGAATTATAAGAATAGTTTATAACT 1247 
DADDoDBEBEERDDDEKE KEDsopDpsHDpEp Eq: 420 
AGGACTATTATCTAATATTATTTATGTICCATITCTITTTITACCTTAATAATAATGGSGGGARATTATIGTAGTAGABAGACTITTAAAT 1437 
SGAATTTAACGTAAATTTGCATAAGTGGATTAAACTTSAACCAAAAATAACTACGCAGCTATTAAAGTGTCAGATCCGAAATAGTTSGACA 1527 
CTCTTTTCTATTTTGTCATTTTGTTTTCCCATTTTCAAACATGCCTCATTTGTGACTTGTTGATTATTCTCATTTTATTGTGTGAATACA 1617 
TSTTAGTGCATGTGTATGCATATGATTTACATGTAACAGGTGAGTGGAGTTSTATGTGTACAAGAAGATGAATGAATGACTCGAGTGAAT 1707 
GASTTSGSGGATSTGAATACTGCCTTAAACCAGAGATCTICATAATTTTTGTOATGAGTTITTATSCATGACATTTTGTAATITITTITITTGA 17197 
GGAATCAAACTTTGTTACTATTGTTATATTATCGAGAAAAGCATAAAATTGTCAAGAGCTCTGGTTTATATATAAGTGTTAAGCTAGAAT 1887 
AATTTTCAGGAATARACACTTGATTTTTAATATAAAARAAAAAAAADA 1977 


Fig. 2.108 Nucleotide and deduced amino acid sequence of the Pinctada fucata calreticulin cDNA 
(PCRT) 

Numbers on the right indicate nucleotide or amino acid positions. The stop codon is marked with an 
asterisk, and the possible polyadenylation signal sequence in the 3’ untranslated region is 
underlined. The ER retrieval signal and the putative signal peptide are boxed. The two calreticulin 


family signature sequences are in italics. The two triplicate repeats are underlined and marked with 
A1—A3 and B1-B3 
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contained an 87 bp 5’ untranslated sequence, an open reading frame comprising 
1242 bp, a TAA stop codon, a 603 bp 3’ untranslated sequence, and a poly (A) tail. A 
putative polyadenylation signal (AATAAA) was recognized at the nucleotide posi- 
tion 1897. This sequence has been submitted to GenBank with the accession number 
EF55 13344. 


2.5.3.2 Sequence Analysis of PCRT 


The deduced oyster calreticulin includes 414 amino acids with a calculated molec- 
ular mass of 48 kD and an isoelectric point of 4.24. The deduced amino acid 
sequence contained several features common to calreticulins. The fact is that a 
putative 17 amino acid signal peptide sequence was located at the N-terminal of 
this protein. Apart from the signal peptide, the amino acid sequence encoded by 
PCRT can be divided into three domains. Two potential calreticulin family signature 
motifs, KHEQNIDCGGGYL and IMFGPDICG, which were highly conserved 
among calreticulins as well as three conserved cysteines at residues 104, 136, and 
162 was located in the N-domain. The P-domain was rich in proline and included 
two triplicate repeats (Al—A3, B1—B3). The C-domain was abundant in aspartic and 
glutamic acids and terminated with the ER retrieval sequence HDEL (Fig. 2.108). 

The presence of these features indicated that the isolated cDNA PCRT encoded 
the calreticulin of Pinctada fucata. PCRT had an ER retrieval signal HDEL, which 
was different from the typical retrieval signal KDEL and identical to those of some 
higher plants, Drosophila melanogaster, Schistosoma mansoni, and so on. 

As shown in Fig. 2.109, the calreticulin from Pinctada fucata showed high 
homology with calreticulins from other species. Complete amino acid sequence 
alignment of PCRT showed the best identity with mollusks Aplysia California (the 
homology is 76%) and less identity with Drosophila melanogaster (the homology is 
63%). The homology between PCRT and mammalian calreticulin is 67%. These 
results suggest that calreticulin is a highly conserved protein and PCRT belongs to 
the calreticulin family. 


2.5.3.3. Expression Pattern of PCRT in Different Tissues 


To investigate the function of calreticulin in Pinctada fucata, the tissue-specific 
expression of oyster calreticulin mRNA in different tissues was examined by 
semiquantitative RT-PCR. RT-PCR was performed with RNA samples from the 
mantle, gill, digestion gland, gonad, and hemolymph. A 402 bp product was 
obtained with specific primers (CRTSF1 and CRTSR1), and the total RNA of 
various tissues as the template, while the negative control exhibited no product 
(data not shown). PCR products were then inserted into pMD18-T vector and 
confirmed by sequence analyses. 
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Fig. 2.109 Structural homology comparisons between PCRT and other calreticulins from principal 
invertebrates and vertebrates 

Percentages of sequence identity, as determined by the ClustalX program using the full amino acid 
sequence, are indicated. Accession numbers of these sequences found in the GenBank database 
(National Center for Biotechnology Information): Homo sapiens (NP_004334), Oryctolagus 
cuniculus (NP_001075704 ), Bos taurus (NP_776425), Rattus norvegicus (NP_071794), Danio 
rerio (AAH46906), Strongylocentrotus (AAD55725), Drosophila melanogaster (BAA85379), 
Amblyomma cooperi (AY395248.1), Eisenia fetida (ABI74618), Aplysia californica 
(AAB24569), Ixodes jellisoni (AAR29949), Xenopus laevis (AAH46699), Pinctada fucata 
(EF55 13344) 


As shown in Fig. 2.110, PCRT mRNA was expressed in all the tissues tested. The 
expression levels of PCRT in mantle and hemolymph were highest among these 
tissues. Three independent experiments showed similar results. 


2.5.3.4 Expression of PCRT mRNA in Mantle 


The mantle of Pinctada fucata is a crucial tissue responsible for oyster biomineral- 
ization, since it actively participates in the secretion of calcium and other ions for 
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Fig. 2.110 Expression of PCRT mRNA in different Pinctada fucata tissues 

(a) Semiquantitative RT-PCR was done with RNA samples from adult tissues of Pinctada fucata. 
The PCR products are indicated by an arrow and the GAPDH mRNA expression level was used as 
an internal control. (b) Densitometry analysis of the PCRT mRNA expression in tissues of Pinctada 
fucata. The results were standardized by the internal GAPDH control. The results are expressed as 
mean + SD of three individual experiments. The data was analyzed by the one-way analysis of 
variance (ANOVA) using Tukey’s test. Bars: 1, gonad; 2, mantle; 3, gill; 4, digestion gland; 
5, hemolymph 


mineral growth [113]. In situ hybridization of the mantle was performed to deter- 
mine the precise location of the PCRT mRNA in the mantle tissue of Pinctada 
fucata. As shown in Fig. 2.111, strong hybridization signals were detected on both 
sides of the inner fold, the inner side of the middle fold, and the inner side of the 
outer fold of the mantle. However, no hybridization signal was detected in the outer 
side of the outer fold of the mantle. Hybridization with the control sense probe did 
not yield any hybridization signals (data not shown). 

In this study, we cloned and characterized the full-length calreticulin cDNA from 
Pinctada fucata and analyzed its expression and distribution patterns to investigate 
its possible roles during mollusk biomineralization. The deduced amino acid 
sequence from PCRT contains several features, and it shares significant identity 
with a number of calreticulins from other organisms in the database of NCBI. 

It is notable that the ER retrieval sequence of calreticulin of Pinctada fucata 1s 
HDEL, which differs from the classical ER retrieval signal, KDEL, found in many 
calreticulins from mammalians and other vertebrates [356]. Euglena, a kind of 
protozoan, has the ER retrieval signal KDEL. Additionally, the retrieval sequences 
of calreticulins from several higher plants (including barley and maize), 
Caenorhabditis elegans, Drosophila melanogaster, and Schistosoma mansoni are 
all HDEL [357-361]. Interestingly, the ER retrieval signal of calreticulin from 
another mollusk, Aplysia california, is KDEL [362]. What is more, calreticulins 
from several ticks have an ER retrieval signal HEEL [363], while two calreticulins 
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Fig. 2.111 In situ hybridization of PCRT mRNA in mantle 

Strong hybridization signals were detected in the inner and outer epithelial cells of the inner fold, the 
inner epithelial cells of the middle fold, and the inner epithelial cells of outer fold of the mantle 
(arrows). OF outer fold, MF middle fold, /F inner fold 


from two elegans have no ER retrieval signal [364]. These investigations indicate 
that although most calreticulins have the retrieval signal KDEL, and calreticulins 
from closely related species likely have the same ER retrieval signal, the ER retrieval 
signal of calreticulin is species-specific. 

In some ticks and hookworms, the classical calreticulin ER retrieval signal is 
replaced by HEEL. This phenomenon suggests that calreticulins from these parasites 
might be secreted into the hosts rather than being retained in the ER [363]. The 
calreticulins from filarial parasites Dirofilaria immitis, Onchocerca volvulus, and 
Litomosoides sigmodontis all lack the ER retrieval signal and may exist outside the 
ER. However, the calreticulins found at the cell surface, in the bloodstream, and in 
the extracellular matrix all have the retrieval signals [365-367]. Hence, the classical 
ER retrieval signal is not necessary for calreticulin relocating from the ER to other 
sites. The species differentiation of the ER retrieval signal of calreticulin and its role 
in locating calreticulin need further study. 

The results of the semiquantitative RT-PCR showed that the PCRT mRNA was 
expressed in all tested tissues, suggesting that calreticulin plays versatile roles in 
Pinctada fucata. Three individual experiments all showed the expression levels of 
PCRT in the mantle and hemolymph are higher than those in the other tissues. 

Hemolymph is an important transport vehicle for biomineralization, moving the 
high concentrations of calcium and carbonate to the mineralization site. The form of 
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calcium transported through the hemolymph is not yet completely known. Previous 
investigations have suggested that the transport involves calcium ions, binding to 
calcium-binding proteins, and amorphous calcium carbonate (ACC) 
[327, 368]. Calreticulin is a unique calcium-binding protein with a high-affinity 
calcium-binding domain and a high-capacity calcium-binding domain. In this study, 
the highest expression of calreticulin was detected in the hemolymph, which sug- 
gests that calreticulin might be involved in calcium transport in the hemolymph. A 
large amount of calcium may bind to calreticulin for transport to the 
mineralization site. 

The mantle is a key tissue involved in biomineralization through calcium trans- 
location, storage, and secretion [355]. The high expression of calreticulin in the 
mantle indicates calreticulin might participate in these processes. The mantle edge in 
the bivalve includes the outer, middle, and inner folds. The outer epithelial cells of 
the outer fold of the mantle, facing the shell and the extrapallial space, participate in 
biomineralization directly [212]. In situ hybridization showed no visible hybridiza- 
tion signals in the outer epithelial cells of the outer fold, suggesting that calreticulin 
may not be involved in Ca** secretion into the extrapallial space from the outer 
epithelial cells of the outer fold. The epithelial cells of the inner and middle folds 
communicate directly with the ambient medium and are responsible for absorbing 
Ca** from the seawater. The mantle is also considered to be an important tissue for 
calcium storage [113]. A large amount of calcium absorbed by the gill, mantle, and 
other tissues is transported by the hemolymph. A bulk of calcium may be tempo- 
rarily stored in the mantle. The strong signals detected on both sides of the inner fold, 
the inner side of the middle fold, and the inner side of the outer fold of the mantle 
indicate that calreticulin is involved in calcium storage in the mantle tissue of 
Pinctada fucata. 

We isolated the full-length cDNA of calreticulin from Pinctada fucata. The 
results suggest that calreticulin might be responsible for Ca** transport in the 
hemolymph and calcium storage in the mantle. The detailed mechanisms by which 
calreticulin participates in calcium storage and transport need further study. 


2.5.4 Molecular Cloning and Distribution of a Plasma 
Membrane Calcium ATPase Homolog from the Pearl 
Oyster Pinctada fucata 


Plasma membrane calcium ATPase (PMCA) plays a critical role in transporting Ca** 
out of the cytosol across the plasma membrane which is essential both in keeping 
intracellular Ca** homeostasis and in biomineralization. In this paper we cloned and 
localized a gene encoding PMCA from the pearl oyster Pinctada fucata. This PMCA 
shares similarity with other published PMCAs within the functional domains. 
Reverse transcription-polymerase chain reaction analysis shows that it 1s expressed 
ubiquitously. Furthermore, in situ hybridization reveals that it is expressed in the 
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inner epithelial cells of the outer fold and in the outer epithelial cells of the middle 
fold, as well as the edge near the shell, which suggests that PMCA may be involved 
in calcified layer formation. The identification and characterization of oyster PMCA 
can help to further understand the structural and functional properties of molluskan 
PMCA, as well as the mechanism of maintaining Ca** homeostasis and the mech- 
anism of mineralization in pearl oyster. 


2.5.4.1 Isolation and Sequence Analysis of cDNA Sequence Encoding 
Pearl Oyster PMCA 


The complete cDNA sequence including the poly (A) tail is 4517 bp. It contains a 
226 base 5’ untranslated sequence, an open reading frame (ORF) consisting of 
3567 bp (Fig. 2.112), a TAA stop, a 704 base 3’ untranslated sequence, and a poly 
(A) tail of 17 nucleotides. A putative polyadenylation signal (AATAA) is recognized 
at position 4198, which is located in the upstream of the poly (A) tail separated by 
297 nucleotides. This cDNA sequence has been submitted to NCBI with the 
accession no. EF121960. The ORF of this cDNA clone encodes a protein consisting 
of 1189 amino acid residues. A search of the NCBI GenBank database using the 
BLAST algorithm indicated that this pearl oyster PMCA sequence is homologous 
with many PMCAs, including PMCA1, PMCA2, PMCA3, and PMCA4, and shares 
the highest homology (63% identity at the amino acid level) with red swamp crayfish 
PMCAS3 isoforms (NCBI GenBank accession no. AAR28532). 

The pearl oyster PMCA has very high identity with the human PMCA3 isoform 
3 (NCBI GenBank accession no. NP_001001344), the crayfish PMCA3 isoform 
(AAR28532), and the C. elegans PMCA (AARO00672) in some regions as shown in 
Fig. 2.113, such as phosphorylation site, the fluorescein isothiocyanate (FITC) site 
(assumed to be part of the ATP-binding site), the SBA site (5- 
’-pfluorosulphonylbenzoyladenosine/r-(N-2-chloroethyl-N-methylamino) 
benzylamine ATP-binding site), TM1, TM2, TM4, TM5, and TM6. Other regions 
exhibit less identity, such as TM3, TM7, TM8, TM9, TM10, and the CaM (calmod- 
ulin) binding site. Two regions where major differences between sequences occur are 
the region between TM2 and TM3, which is the phospholipid interaction site [369], 
and the C-terminus immediately next to the 3’-sequence of the CaM-binding site, 
which includes a number of regulatory sites for protein kinase [370]. 


2.5.4.2 Phylogenetic Relationship 


Based on the alignment of the full-length amino acid sequences of pearl oyster 
PMCA, other known PMCAs, and SERCA (sarco-/sendo-plasma reticulum calcium 
ATPase), the phylogenetic tree was constructed and showed that the pearl oyster 
PMCA is more closely related to other eukaryotic PMCAs than to mollusk SERCA 
(as shown in Fig. 2.114). Interestingly, it is more closely related to vertebrate and 
arthropod PMCAs than to the PMCA of C. elegans. 
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ICTGATACGACTICICATAGGOCAGIGITIIGIIGAIGIITIGAGCICACATAACGTIARAAACICITIGATIIGATIGAIGIAARAGIGCAIATIGC 
CCCCCACCACC TCTITGATCCACCCCTGACGACTIGITACCGCAGATARATITICTIGGATCOICTAATCACACCGICIAAGGIGATIGAT 


ACC 
GCACAGATITCAGGTICTICTATTCICGATAGATAACCTCIGCA 
ATGGCTCGCGAGATCGABATCCACEGTATCEGGCCTCICACGCCCERCCGACECECCAGTATGOGCTIACCCTICATOCAACTCCGITCCCTIC 


bk 


6S ATGCAGARAACCARAAAACRCCCATACCGACACCATACAGCEAARAATATCEICCTICTIIATACAACTCTICCAAAAARTTATTCACCICS 
175 CCARACGAAGECCTICTCAGCEGECECCEGCTCATCTAGAACACAGACEGACTETCITIGGITCCAATCITIATACCTICCTAARCCTCCT 
262 AAAACATTICTACAATTIAGIGIGCCAAGCCCTACAGGACGITACATIAATTIATICITICTAGIAGCICCATTAATTICCTIIAGGITIA 
349 TCATTTIACAAGCCTCCAAAGCITOAAGCATCAGAGGACGAGAGCTICOGAGCICOGAGCCTOCGAICGATAGAAGGIGCIAGCAATTITA 
436 GGTGCCGTAATAATIGIAGIGIIAGIGACAGCATTCARIGACTATCAGARAGARARACAATTIAGAGGACTICARAGIAARATTGAA 
$23 CATGAACATCAGTITICIGIGAITCCCCCACCACAGCCATAAABATATICCAGTAGGCCAGATTCIICIAGGGCATATATGCCAAGTC 
610 AAATATGGIGATCTGOCTACCAGCTGATGEICGITATTATACAAACTAATCATITAAAAATAGATCAAACTICECTCACAGGAGAEGTICT 
657 GACCATGTCAAAAACCCCCAGCAAATTCAICCCATCCICCTATCAGGTACTCATCTTATCCAGGCCAGCTCCTAACGCATGIIGGICACG 
764 GCCETIGGCTICTTIAACTCACAGACCGCTATTIATICTIITECTCICCICCCTCCCTCTGCCCACCACGACAAARAAGCCAACAAAGAGARA 
S71 AATAAARACAAGGGAGATGATCCAAATGCTCCIGCACGCICTICAGGGCCCAGTCAATGTACCATICCTIACTAGCCGAIGCAGATIGCA 
350 AAAGCTICOATATAGACACCATTICGACCCCOCARAICCCICAICOARACTCICATAATARCACCAACGCCCAATCTAACCAAGAACGGAGAA 
1045 ACGGGAGACAATGAGGAGACAAAGACTAAGATAGAACCTICAACCCAAGCGAARAATCIGCITCTICCAGGCCTARATTIGACCAAACTCOCE 
1132 ATTCABATCGCTIATCCGAGCTACTCCCATAGCTGOIICICACTCTCOTACTCGITAAICCICARATACTCCATCATAGARTTIGIIGCIA 


1219 AATARRAGGGAGTGGAAGTCTGATGAGACGACAGAGCATATIGAGTATTTIGICAGCTACTITATCATIGGIGIGACTGIGITAGIG 
1306 GIAGCTGTACCTGAAGGGCTICCATTAGCTGTTACTCIGICTITGGCTTACTCAGTCAGGAARATGATGGATGACAACAACTIGGTA 
1393 CGACATITAGACGCCTIGTGAGACAATGGGTAATGCTACGGCTATTIGTTCAGATAAGACCGGTACTCTAACAACAAACAGAATGACA 
1480 GIGGTGCAAAGCTATATAGGAGGGGCTCACTACAAGTCAACTCCAAACTITAGTACACTIGCTAAAACATICCARGATCIGATTGCT 
1567 CCCAGTGTGGCCATTAATAGTGGATATACATCACGCATARTGCATGATCCAGATGGAGGTCTACCCAAGCAGATAGGTAATAAGACA 
1654 GAGIGTGCCCTGCTICGGCTTCGTAATGGATCTCAAACAGGATTACGAGGCTATCCGACACGAGACCCCCGAGGAAGCCCIGTTTAAG 
l7i4l GICTACACCTITAATTCIGIACGGAAGTCCATGAGCACAGITATCGARATCAARAATIGGCTACAGACTCTICACGAAAGGAGCTICA 
1828 GAGATTGICCTGAARAAGIGTICATACATCCTGGACTGTCATGGTAACCCARACAAGTITICTGTAGAAGATCAGGAGICAATGGTA 
1915 TCCAAGGTIGATCGAGCCCATGGCAAGIGACGGTCTCAGGACTATCIGIGIGGCGTACAAGGATITIGITAATGGTACCCCTGARTICT 
2002 GAGAACCAGGAGCAGTTIAAGGGTGACATAGACTGGGAAGATGAGGATTIGGICGTTTCIGGICIGACGIGICICATGGIGGTIGGTI 
2085 ATAGAGGATCCTGTCAGAGACGAGGTACCAGCCAGTATTATGAAGIGTAAACATICAGGTATCIGIGIGCGTAIGGIGACAGGTGAC 
2176 AATGITAACACTGCACGTICTATCGCCTCTAAATGIGGARTCCTGACACCIGGIGAAGACTITCIGGITITAGACGGCARAGARTIC 
2263 AATCGTAGGATCAGAGACGGTAGCGGAGAGGTATCTCAGGAACTGITIGACAAGGICTGGCCCAAGCTICGCGTTCIGGCACGATCA 
2350 TCACCTCAGGATAAGTACACTTIGGT TAAAGGCATCATCGACAGTAAGCIGAGT ICAAACCGAGAAGTGGIGGCIGTAACAGGAGAT 
2437 GGTACAAATGATGGACCGGCACTGAAGARAGCTGATGTIGGATTIGCAAIGGGTATATCAGGAACTGATGTAGCTAAGGAAGCCTCT 
2524 GACATTATICTGACTGACGACAATTTTACCAGTATIGTIGAAGGCCGTAATGIGGGGTAGARACGICTACGACAGTATCGCCAAATIT 
2611 CICCAGITICAGTIGACIGTARACATIGTGGCIGIGTTIAGCAGCTTTCCICGGAGCATGCATCATCAGTGACAGTCCICTGAAGGCC 
2688 ATACAGATGTIGTGGGITAACCIGAICATGGACACGCICGCTICACTAGCCCTCGCCACCGAGCTGCCAGGAGAAGAATTACTGAAC 
2785 CGTAAACCCTACGGCAGGACCAAGCCACTTATATCGCGCAACATGATGAAAAATATCCICGGCCATGCCGTATACCAGCICACTGII 
2872 ATATTTGITGTICTATTIGCAGGGICTAGTITATTIGATATAGACGATGGAATAGAAAAACAGAAATIACATGGCCCTGCTACACAA 
2959 CACTTTACCATTATATITAATGTTTICGTAATGATGACICIGITTAATGAAGTTAATICACGTAAAATCCATGGGCAGCGAAATGIT 
3046 TITGAAGGICTIGAGGAGAAATCCTGIGTTCATTGGAATT IGGATCGGTACATICGTIAGCTCAGATTATACTIGITCAATITGGGGGC 
$133 ATAGCCTTCAAGACAGCACCACTTICAATAGATCAATGGATGIGGIGCTTITICTIGGGIGIGGGIGTICIACICIGGGGACAGCTA 
$220 CIGACATGTATTCCAACICATARATTACCCAAGAAGATITICICGIGGGGICGACACCACAAGGATGAACTGGACCATGIGGACAGC 
3307 CCTGACCTACATCIGGATGATGACGIGGGICGCCGCGGCCAGATICIGIGGCTICCGCGGCTIGACGCGGCTCCAGACACAGATICGT 
3394 GITATTAATGCTTICCGCATGGGCATAGATGCACGATATGACAGTCATAGITIATCCTCAATCCACAGTTACCATAATTITGCARACC 
3481 CATAGAAAACCACACACGICTACAAGICCTCGIGTIGTCACCAGCCCTTIGGTCACAGGGGAGGGCGATCACGCAGAGICCAACTIC 
3568 TAA 

TCTACCAAATIGITIGIGITTATCTIGIACCIGACTITT TARATAACATGCCAGACARAGATAAACC TGAAATCTACAAAGCCTCTTITGGAA 
ACCIGIGCIAGATTTICIGITICATTACTCAGAAIGGIGAACTARATITIITICICATTIIGIIGTITCACCCCCACATIATATIAIGIICT 
CICTITATITGICTITITACTATICATGITAAAAGIGGIAAAGTIATAATGITCAGATITCIGIATTIACTACACAATIGIGICAAGATIATA 
CACTIGAGCAGTITIGCATACCATTITCAGIAATGAGATGATACTIAGATITIGICATITITAGATAGAATITGGIGATITTATACCACTAGG 
GCATTGAAGGGATGACCATITGGITICTATGTITAATAATGATACCAAGTIGITGIGATIGIGCICCCTITATTITTAATITGATATICAGAG 
ABRAAGTGICTGIGATTICTICAAAGAGITICTTITGACCTITAATATAGCCAAACAAGAC TAGCAGTITATTATIAGATCAGICITICIGAGT 
GRAGGTCAAGGCAACTTIGITATCATTATTATICCTTATITICATGTAGAACARATATITIGACTTTAATAT TAGCTIATAATGATAATGCA 
TARTACCGATARAGGTTATITIAGACATGGTATTTATTATTAAACACAT ICCATAGGAT GARAARAAARARARARAA 


Fig. 2.112 Nucleotide of pearl oyster gonad plasma membrane Ca**-ATPase. The nucleotides are 
numbered on the left 

The putative start codon ATG and the stop codon TAA are in bold. The primers used during 
sequencing and expression analysis are underlined 


2.5.4.3, Gene Expression Analyses of Pearl Oyster PMCA 


To investigate the functions of pearl oyster PMCA in vivo, tissue-specific expres- 
sions of PMCA mRNA in different tissues were examined by RT-PCR with specific 
primers (PBF and PBR). Samples of total RNA from the adductor muscle, digestive 
gland, gill, gonad, mantle, and foot tissues of P. fucata were prepared separately. 
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Fig. 2.113 Comparison of the deduced amino acid sequence of pearl oyster gonad plasma 
membrane Ca**-ATPase with other species 

Human PMCA3b (NCBI GenBank accession no. NP_001001344), crayfish PMCA3 (AAR28532), 
and C. elegans PMCA (AARO00672). The identical sequences are shaded. The amino acids are 
numbered on the right. The transmembrane regions, as well as the phosphorylation site, FITC site 
(assumed to be part of the ATP-binding site), the FSBA site (5’-pfluorosulphonylbenzoyladenosine/ 
r-(N-2-chloroethyl-N-methylamino) benzylamine ATP-binding site), and the calmodulin-binding 
site, are underlined and labeled on the right 
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Fig. 2.114 Phylogenetic tree showing protein primary sequence relationships between the pearl 
oyster PMCA predicted protein and other selected calcium ATPases 

Bootstrap values (1000 replicates) are indicated at the nodes. C.E., Caenorhabditis elegans PMCA 
(NCBI GenBank accession no. AARO0672); E. H., Entamoeba histolytica PMCA (AAC28745); 
G. G., Gallus gallus PMCA 2 (XP 414301); H.S., Homo sapiens PMCA 3b (NP 001001344); M. Y. 
SERCA, Mizuhopecten yessoensis sarcoplasmic reticulum Ca**-ATPase (AB002112); O. M., 
Oreochromis mossambicus PMCA (AAK15034); P. C., Procambarus clarkii PMCA3 
(AAR28532); S. H., Sterkiella histriomuscorum PMCA (AAR85356); S. Pi., Stylophora pistillata 
PMCA (AAR13013); S. Pu., Strongylocentrotus purpuratus PMCA (NP 001028822) 


PMCA 


GAPDH 





Fig. 2.115 RT-PCR for analysis of PMCA gene expressions in P. fucata 

Lane 1, adductor muscle; lane 2, digestive gland; lane 3, gill; lane 4, gonad; lane 5, mantle; lane 
6, foot; and lane 7, negative control. The housekeeping gene GAPDH was included as a positive 
control 


The results show that the PMCA transcript is broadly expressed, with lower expres- 
sion in the digestive gland and foot tissues than in other tissues (Fig. 2.115). 

The precise expression site of PMCA mRNA in the mantle of P. fucata was 
determined using in situ hybridization that was performed with frozen sections of the 
mantle (Fig. 2.116). Strong signals PMCA mRNA were detected in the inner 
epithelial cells of the outer fold and the outer epithelial cells of the middle fold, as 
well as the edge near the shell, but hybridization signal was absent in the inner fold. 

Intracellular Ca** homeostasis is essential to all cells because Ca** is an 
important secondary messenger in various processes. Ca** is also intimately 
involved in biomineralization. Pearl oysters need to closely regulate the Ca** 
concentration in their blood and tissues, as well as in the biomineralization process 
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Fig. 2.116 Detection of PMCA mRNA in the mantle of P. fucata by in situ hybridization 
Hybridization signals are indicated by the arrows. The left picture shows a control section stained 
with no probe. PG periostracal groove, OF outer fold, MF middle fold, /F, inner fold 


in shell and pearl formation. The mechanism that regulates the intra- and extracel- 
lular Ca** concentration in pearl oyster is not yet completely known. 

PMCAs were believed to play a critical role in transferring Ca~* across the cells’ 
plasma membrane both in vertebrates and in invertebrates to maintain intracellular 
Ca? homeostasis. Furthermore, it is believed that PMCA is involved in the biomin- 
eralization process. This study cloned and characterized a gene encoding the plasma 
membrane calcium ATPase from pearl oyster P. fucata. 

The amino acid sequence of pearl oyster PMCA is similar to that of previously 
published calcium ATPase. PMCA has ten transfer-membrane regions and four main 
units protruding into the cytoplasm [371]. The first unit encompasses the first 80—90 
N-terminal amino acids, the second unit includes the phospholipid-interacting site 
[369], the third unit includes the catalytic site, and the fourth unit includes a number 
of regulatory sites, including the calmodulin-binding site and the substrate domains 
for protein kinase [370, 372]. All of them are found in the pearl oyster PMCA, which 
suggests that the pearl oyster PMCA belongs to the PMCA superfamily. Further- 
more, the phylogenetic tree shows that the pearl oyster PMCA is more closely 
related to other eukaryote PMCAs than to scallop SERCA, confirming its relation 
to the PMCA superfamily. 

The important function of PMCA in keeping the intracellular Ca** homeostasis 
was indicated by the abroad expression of pearl oyster PMCA in all tissues examined 
in the experiments. In situ hybridization of PMCA shows that it is expressed in the 
mantle sub-tissue. Thus, the oyster PMCA may be involved in the formation of the 
calcified layer because of its expression in the inner epithelial cells of the outer fold 
and the edge near the shell. The fact that there was no PMCA expression in the inner 
fold is unexpected. Even if the cells of the inner fold are not involved in the 
biomineralization, they still need to maintain Ca** homeostasis. We propose the 
following hypotheses to explain this paradox: PMCA has four isoforms each having 
various spliced modes. These isoforms have a tissue-specific distribution in mam- 
mals [373, 374]. Thus, there may be more than one isoform of PMCA in pearl oyster 
with other isoforms expressed abundantly in the inner fold, perhaps with another Na” 
/Ca** exchange mechanism expressed there. 
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The phylogenetic tree of the protein primary sequence shows that the pearl oyster 
PMCA is more closely related to vertebrates than to C. elegans. This is similar to the 
result for the PMCA of Stylophora pistillata and Procambarus clarkii 
[375, 376]. Analysis of the deduced amino acid sequence showed that this gene 
encodes highly conserved functional domains, which may function in calcium 
transport. The pearl oyster PMCA is conserved, which makes it a good model to 
study the function of PMCA in biomineralization. Thus, research on plasma mem- 
brane calcium ATPase cloned from P. fucata can further understand the mechanism 
for maintaining intracellular Ca** homeostasis and the biomineralization 
mechanism. 


2.5.5 Cloning and Characterization of a Novel G Protein 
B-Subunit of Pearl Oyster (Pinctada fucata) and Its 
Interaction Sites with Calmodulin 


The cDNA clone coding for a novel G protein B-subunit of B; subclass, pfGB,, was 
isolated from the pearl oyster (Pinctada fucata). The deduced amino acid sequence 
of this pfGB, (341 amino acids) shares high homology to great pond snail (Lymnaea 
stagnalis) GB, and Northern European squid (Loligo pealeii) indeed, in spite that it 
derives from human and bovine (Bos taurus). The well-conserved amino acid 
domains in G protein B subunit, seven WD repeats, were detected in the deduced 
amino acid sequence. Alignment analysis indicated that the initial amino acid 
residues in variable fragments of the seventh WD motif were different from any 
other known Gf. The prediction of 3D structure of pfGB revealed that pfGB belonged 
to B-propeller family proteins whose members usually comprised 4-8 antiparallel 
B-sheets resembling the blades of a propeller. Furthermore, Northern blotting anal- 
ysis and in situ hybridization showed that the hybridization signals of pfGB mRNA 
were extensively distributed in various tissues except muscle, especially with abun- 
dance in epithelia of outer fold of the mantle, gonad, and gill. What’s more, we 
investigated and analyzed the interactions between calmodulin (CaM) and Gßy, and 
specific amino acid residues which might be crucial for the binding of GBy to CaM 
were also identified and characterized. Furthermore, the functional analysis of 
protein-protein interaction suggested that the binding of CaM and Gfy did increase 
the activity of alkaline phosphatase (ALP), an important indicator for biominerali- 
zation in MC3T3-E1 cells. The results showed that the ALP activity of the mutants 
of pfGBy the one impairing the interactions of GBy with CaM was much higher than 
negative control group but lower than the WTC group. All in all these results 
indicated that the GBy might interact with CaM and perform significant physiolog- 
ical functions in regulating cellular functions. 
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2.5.5.1 Isolation of the P. fucata GB cDNA 


A cDNA product of 335 bp was obtained by RT-PCR with a pair of degenerate 
primers (GBF and GBR) using P. fucata mantle cDNA as template. Sequence 
analysis of the cDNA fragment revealed that it most likely encodes a GB homolog. 
To obtain the full-length cDNA of the pfGB protein, gene-specific primers (GSP1 
and GSP2) were synthesized to screen the cDNA library by PCR. After four rounds 
of screening, only one positive tube yielded the 208 bp product. Then we seeded the 
phages and performed the in situ hybridization by random-primed labeling probe 
with [a-°°P] dCTP. The positive clone 11 was isolated, and sequence analysis 
showed that the longest cDNA insert (1056 bp) contained a 224 bp 3’ UTR fragment 
which includes a canonical polyadenylate signal and a poly (ad) tail (Fig. 2.117). The 
deduced amino acid sequence contained a perfect match peptide sequence of G- 
B-subunit (Fig. 2.117). Although this result verified that the clone 11 encodes Gf 
subunit, it apparently does not contain the full-length cDNA as it lacks the start 
codon. Therefore, we designed the GSP3 and used 5’ RACE to obtain the start codon 
and 5’ UTR (Fig. 2.117). 


2.5.5.2 Sequence, Phylogenetic, and Predicted Structure Analysis 


The nucleotide sequence was submitted to GenBank with the accession 
no. AY524667. The sequence of oyster Gf-subunit shared high similarity with 
those of GB subunits from mollusk, amphibian, and mammal (94% identity to 
squid, 90% to tiger salamander, and 86% to human) (Fig. 2.118a). The well- 
conserved amino acid domains in G protein P subunit, seven WD repeats, were 
founded in the deduced amino acid sequence. Each WD repeat has a region of 
variable length, flowed by a core of more or less constant length bracketed by GH 
and WD [377]. Alignment analysis showed that the beginning amino acid residues in 
variable fragment of the seventh WD repeat 300-303 (VLRQ) is different from any 
other GB (Fig. 2.119). 

To investigate evolutionary relationships between pfGB and known Gf isoforms, 
phylogenetic tree was constructed with ClustalX program [379] with the neighbor- 
joining (NJ) algorithm of [380] (Fig. 2.118b). The phylogenetic tree revealed that it 
is closely related to GB and belongs to a member of Gf, class. Within the Gf class, 
pfGB was fairly closed to great pond snail (Lymnaea stagnalis) and Northern 
European squid (Loligo pealeii). However, pfGB was diverged from bovine (Bos 
taurus) and human. 

The 3D structure of pfGB was predicted by the following Internet address: http:// 
www.expasy.org/swissmod/SWISSMODEL.html. The results showed that pfGB 
also belongs to h-propeller family of proteins whose members contain 4-8 antipar- 
allel h-sheets resembling the blades of a propeller [381]. The h-propeller of GB 
consists of seven B-sheets, each containing four antiparallel strands radiating out- 
ward from a central core with approximate sevenfold symmetry (Fig. 2.120). The 
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A RT-PCR (335 bp) OHOOOD (444-778 bp) 
Clone 11 (1056 bp) QOOOOOOCO0C0CO (341-1396 bp) 
5'RACE (1-694 bp) nee OUOOUUO (1-694 bp) 
Full-length cDNA (1396 bp) ...... OOOOOUOCOO0OO0(1-1396 bp) 
B 


ACGCCGGGACAGGAAGAGAGAAAATTGTTTATGAATGCCGGGGAAATCTAGCGTCGATTTTGTIGTICTATAT -146 


GACCATTTGACGGAGGTTTCGATCTCCATTTTATATTTTTCATATTTATTTTGTCATCTCACCTAAGTAGCCACC 
ATGAGTTCAGAATTAGAAGCATTGCGCCAAGAGACGGAACAACTCAAAAACCAAATTAGGGAAGCACGGAAGGCA 
MS SEL EALRQPTEQLUKNQTREARKA 
GCGGCAGACACCACACTCAATCAAGCTGCAGTCAATGTAGAACAAGTAGGCAGAATTCAAATGCGCACGCGTCGC 
AA DTTLNQAAVNVEQVGRIQ*MRTBEBR 
ACCCTGAGAGGTCATTTGGCCAAAATATATGCCATGCATTGGGCCTCCGACTCCAGAAATCTAGTCTCTGCTTCA 
TDRGEHELBDbAKKIOYANHWASBDSBRABLUVSBE AS 
CAAGATGGTAAATTAATTGTATGGGATGGTTACACAACAAACAAGGTACATGCCATCCCGTTGAGGTCCAGT IG 
QdpDGKELEIVWDOGYTTHRKEVAATFPRLUR §S SW 
GIGATGACCTGTGOGTACGCGCCATCAGGGAGTTACGTAGCATGTGGAGGTCTGGACAATATATGTTCTATCTAT 
VM TC AYAPSBSGEYVACEGELODONTI CEI Y 
AGTCTCAAGACAAGGGAAGGAAACGTACGAGTCAGTCGAGAATTACCGGGTCACACAGGCTATCTATCATGTTGT 
SLKETREGHVRVSBRELPGHtTtaeYLt sec ec 
AGATTTTTGGATGATAACCAGATTGTGACCAGCTCGGGAGACATGTCATGTGCATTATGGGACATAGAGACAGGT| 
RFLDDBAWQTVTSSGODMSBCALWODIET G 
CAGCAGACGACAGCATTTACAGGACACACAGGAGATGTGATGAGTCTGTCTTTGTCACCAGACATGAGAACGTTT 
Ce QoTTAFTGHTGODV¥YMN SLSLUSPODOMRT F 
GTGTCTGGAGCGR@TGA TG Ce TCOGCCARGETT TGGGACATCAGAGACGGCATGTGTAAACAAACTTTCTCTGGA 
VSGACDASAKL WDIRDGHCKAQTFKFsSs4G 
CACGAATCTGATATAAATGCAATTACATACTTTCCAAATGGCTACGCCTTTGCCACTGGATCTGACGATGCCACT 
HES DIWATITY¥PBPNG*YAPATGsSBODODAT 
TGCCGTCTGTTTGACATCAGAGCAGACCAGGAGATCGGCATGTATTCTCACGATAACATTATCTGCGGCATCACA 
C RLEFDIRADQOEIGMYSHDNIICGIT 
TCTGTGGCCTTCTCTAAGTCCGGACGTCTCTTACTCGGAGGGTATGACGACTTCAACTGTAACGTTTGGGATGTG 
S YVAFSKSGRLLLGGYDDENCNVWDYFV 
CTCAGACAGGAAAGAGCTGGTGTGTTGGCTGGCCATGACAACCGTGTTAGTTGTCTGGGAGTGACCGAGGACGGT 
LRQERAGVLAGHoONRVSCLGVTEDG 
ATGGCCGTAGCAACGGGATCATGGGATAGCTTCCTCCGGATTTGGAACTGACGACAATAAGAAACTAGGGGAATG 
MAVATGSEWODSsPLRISWAN * 
GGCAGGACTATGCAAAATAGACAAAGAAGGCAAAGCCAGGAAAATTGTTGGATGCAGCTGTGTTGTTIGTTAAGGA 
CTATGGCAAAGAGTCCCAAGCCCTGGATGTACTCAACGACTATTTCAAGACCAAGAAGTAAACTCTAACATTCAG 
ACAATAAAGTACATCAACTATAAAAAAAAAAAAAAAAAAAAAAARAAAAAA 








Fig. 2.117 The oyster G protein B-subunit cDNA and deduced amino sequence 


75 
25 
150 
50 
225 
75 
300 
100 
375 
125 
450 
150 
525 
175 
600 
200 
675 
225 
750 
250 
825 
275 
900 
300 
O75 
325 
1050 
441 
1125 
1200 
1250 


The conserved amino sequence residues, based on which degenerate primers were designed, are 
bold, and the corresponding to nucleotides is shaded. The gene-specific primers used for screening 
cDNA library are underlined. The 5’ RACE primer is in the box. The stop codon is indicated by an 


asterisk. The mutant amino acid residues are bold and underlined 


inner strands of each sheet run roughly parallel to central axis and form the walls of a 
water-fill tunnel, whereas the out strands tilt as they radiate away from the center. 
Each WD repeat forms one B£-propeller. However, a single WD repeat does not 
directly correspond to a single stable fold domain; rather, the most variable segment 
of each WD repeat, corresponding to its N-terminal portion, forms the outermost, 
C-terminal strand of one blade, whereas the conserved core of the same repeat forms 
the innermost strand of the nest blade. The overall propeller structure of B is closed 
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C EI 100 91 87 89 87 87 82 86 85 86 86 
H. Am 100 86 91 86 86 79 86 36 56 86 
D. me 100 91 84 82 77 84 83 83 84 
S. aw 100 36 86 80 86 85 86 86 
L. pe 100 91 79 86 85 85 86 
L. St 100 80 84 83 83 84 
X. La 100 84 84 84 85 
D. Re 100 98 98 99 
Rat 100 98 99 
B. ta 100 100 
H. sa 100 
B 
Bos taurus-P 


Homo sapiens-P 
Rat-P 
Danio rerio-P 
Ambystoma tigrinum-P 
— — Xenopus lae-P 
— Loligo pealei-P 
Pinctada fucata-P 
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C. elegans-P 
- Homarus americanus-P 
D. melanogaster-P 


0.1 Sitobion avenae-P 


Fig. 2.118 The phylogenetic analysis of GB; subunit in Pinctada fucata and their homologies from 
other spices 

(a) Matrix indicating the percentage identities of the aligned GB; (b) phylogenetic tree showing the 
evolutionary relationship of oyster GB, with proteins. (The N-J tree was generated by using the 
method N-J of program ClustalX1.81.) P.fu, oyster (Pinctada fucata) GB,, AY524667; A.ti, tiger 
salamander (Ambystoma tigrinum) GpB,, AAG31060; C.el, Caenorhabditis elegans Gj, 
NP_496508; H.am, American lobster (Homarus americanus) GB,, 045040; D.me, (Drosophila 
melanogaster) GB,, fruit fly, NP_525090; S.av, English grain aphid (Sitobion avenae) GB, 
AA046882; L.pe, Northern European squid (Loligo pealeii) GB,, P23232; L.st, great pond snail 
(Lymnaea stagnalis) GB,, Q08706; X.la, African clawed frog (Xenopus laevis) GB3, AAH56002; D. 
re, zebra fish (Danio rerio) GB,, NP_997774; Rat, Norway rat (Rattus norvegicus) GB, 
NP_112249; B.ta, cow (Bos taurus) GB,, NP_786971; H.sa, human (Homo sapiens) Gf, 
AAA35922 
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Fig. 2.119 Alignment of the sequence of oyster GB; with other Gf from mollusk to mammalian 
[378] 

The seven WD repeats are indicated by overlining. Abbreviations and sources are according to 
Fig. 2.118 


by juxtaposition of strands from the first to the seventh WD repeat. This structure 
may contribute to the resistance to cleavage by trypsin despite many of tryptic 
cleavage sites [381]. As shown in Fig. 2.120, yellow highlights the different 
structure, the variable region of the seventh WD repeat which is different from any 
other GB subunits that may be involved in the closing -propeller and formation. 
However, pfGB was unique among those which belong to GB family in the 
following criteria. First, in bivalve mollusk, deduced amino acid sequence of 
pfGB, is first reported. Second, the variable region of the seventh WD repeat 
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Fig. 2.120 The 3D structure prediction from the deduced amino acids 

(a) Stick-and-stick model of the seven WD repeats in pfGB. Each WD repeat forms one f-propeller, 
(b) ball-and-stick model of the seven WD repeats in pfGf. The 6-propeller domain (yellow) 
highlights the different structures, the variable region of the seventh WD repeat which is different 
from any other Gf subunits and may involve in the closing B-propeller and formation. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article) 


which may involve in the closing B-propeller and formation is different from any 
other GB subunits. Third, the analysis of the phylogenetic tree showed that pfGf, is 
different from any other members of GB;. Based on these results we concluded that 
pfGh1 probably defines a novel subclass in G protein B subunit. 


2.5.5.3 The Distribution and Expression of pfGP mRNA in Tissues 


Distribution of pfGB was detected by in situ hybridization in five different tissues 
specifically the gill, mantle, gonad, digestion gland, and muscle. The pfGB mRNA 
hybridization signals were dark brown, and the background was not stained. As 
shown in Fig. 2.121a—d, the positive signals only distributed in the cytoplasm with 
hybridization-negative nuclei, and they were detected in all five tissues. Strong pfGB 
mRNA hybridization signals were observed in gill epithelial cells and gonad and 
mantle epithelial cells of both sides in out fold, while weak signals were observed in 
digestive gland, and positive signals were not presented in muscle. On the negative 
control, P. fucata p{GB mRNA hybridized signal was not detected. 

Northern blotting analysis of pfGB transcripts in five different tissues was carried 
out with °*P-labeled pfGB as a probe. As shown in Fig. 2.122, the signal of pfGp 
mRNA was observed at many tissues except muscle. The pfGB mRNA was 
expressed abundantly in the gill, gonad and mantle and at low levels in the digestive 
gland. This is total agreement with the in situ hybridization results indicating that 
pfGB is present in a limited number of tissues. 

The gill is important to metabolism, which assimilates nutrients that particu- 
larly dissolve calcium from the water [382]. found that abalone gill membranes 
have highest binding with calcitonin gene-related peptide (CGRP) and likely 
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Fig. 2.121 In situ hybridization of oyster GB mRNA in different tissues of P. fucata 
Among these tissues, hybridization signals (arrows) were observed in epithelial cells of gill (a), 


spermatogenic duct (b), the outer fold in mantle (c), and digestive gland (d). Original magnifications 
are x400 (a) and x200 (b, c, and d) 


participate in the control of hydromineral metabolism in aquatic species 
[383]. suggested that the common beta-subunit (G beta) was present at all ages 
during development and was more prominent around the periphery of the tubules 
in younger animals but then became more evident in the cytoplasm of germ cells 
with increasing age. The high expression of pfGB mRNA in gill and gonad are 
consistent with these important functions. Additionally, pfGB mRNA hybridiza- 
tion signal is also expressed in other tissues, implying that the pfGfP signal 
transduction pathway existed in P. fucata widely. 


2.5.5.4 Mutation Analysis of the Putative pfGB-Binding Domain of CaM 


G protein B subunits must depend upon y subunits to fold correctly and its signals 
transduction in vitro also bound to G subunits [384]. We also cloned mouse y> 
subunit and ligated expression vector. Figure 2.123a shows the in vitro translated 
wild and mutant GB proteins separated by Western blot, using anti-His-tag 
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Fig. 2.122 Northern blot of B-subunit of G protein in various tissues in Pinctada fucata and the 
relative intensity of tissues of P. fucata 


monoclonal antibody. The in vitro translated protein mixtures were incubated with 
anti-HA-tag monoclonal antibody, and the agarose beads were also added. The 
precipitated proteins were detected by Western blot, using Gf rabbit anti-B-subunit 
antibody. As shown in Fig. 2.123b, unlike the wild-type GB protein, the binding 
affinities of DT and MT for CaM were dramatically reduced. The data suggested that 
the mutant residues are critical to the interaction with CaM. 

Previous studies have revealed that G protein subunits can act as potent inhibitors 
of the Ca**—CaM-stimulated phosphodiesterase activity [385], probably through 
interactions of GBy with CaM. In the present report, we show the direct binding of 
GBy with CaM. By modifying specific amino acids in the region, we identified some 
key residues (R49A, R50A; deletion 49-53) that are crucial to the binding of GBy to 
CaM and also found the primary structure similarities of CaM-binding domain of 
GBy. For example, the identified B CaM-binding domain contains a high percentage 
of hydrophobic residues and an excess of positively charged residues, a property 
found in all CaM-binding peptides [386]. The basic residues contribute to the CaM 
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GByYWT DT MT Control 


B 
GByYWT DT MT Control 


Fig. 2.123 Mutation analysis of putative CaM-binding domain of pfGf subunit 

(a) Similar amounts of wild-type (WT), mutant (deletion 49-53 amino acids, DT; R49, SOA, MT), 
and positive control proteins were obtained by in vitro translation in 293-T cell line. (b) CaM 
binding of in vitro translated pfGf protein, its mutants, and negative control. Compared with the 
wild-type pfGf protein, binding ability to CaM of the mutant proteins was dramatically reduced 


binding via electrostatic interaction with acidic residues in CaM, while the hydro- 
phobic amino acids seem to play a more important role in CaM binding through 
interactions with the hydrophobic patches of globular domains of CaM [387]. The 
mutants, DT (lacking N-terminal deletion 49-53 amino acids) and MT (R49A, 
RS50A), showed that they both failed to associate with CaM (Fig. 2.123). The result 
suggests that the N-terminal 49-53 amino acid sequence is necessary to associate 
with CaM [378]. 


2.5.5.5 Effects of ALP Activity in Transfected MC3T3-E1 


Alkaline phosphatases (ALPs) are a family of cell surface glycoproteins that catalyze 
the hydrolysis of phosphomonoesters with release of inorganic phosphate. ALP is an 
important enzyme in biomineralization [388], and its activity is also an important 
physiological functional index involving in biomineralization in MC3T3-E1 in vitro, 
even though, in vivo, 1,25(OH)2D3 may provide a mechanism for rapid control of 
the secretion of ALP to alter calcium movement [389]. We also assessed the effects 
of ALP activity in WT, WTC, DTC, MTC, and CaM. The data showed that the ALP 
activity in WTC is significantly higher than that of the other groups (P < 0.05). No 
prominent difference among the groups of DTC, MTC, and CaM was observed 
(P > 0.05), while they were all higher than that of the control group (only transfected 
vector without cDNA fragment) (Fig. 2.124). 

In WT group, overexpression of GBy may cause general changes in the metabolic 
state of the cell and activate various signal transduction pathways, including 
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Fig. 2.124 The interaction of Ghf® subunits with CaM by measuring the ALP activity in 
co-transfected MC3T3-E1 

ALP activity in WTC is significantly higher than that of the other groups (P < 0.05). There are no 
differences among the groups of WT, DTC, MTC, and CaM (P > 0.05), while they are all higher 
than that of the control group (only transfected vector without cDNA fragment). (*) P < 0.05, 
compared with any other group 


stimulating MAPK kinase pathway through Ras and Raf [390] and causing perma- 
nent changes in Ca** channels state [391], which all improved the proliferation and 
further improved the ALP activity. In WTC group, the affinity of GBy subunits and 
CaM is sufficiently high so that much of the free By in the cells should be in the 
CaM-bound form. Therefore, an increase in intracellular Ca** concentration could 
selectively regulate the interactions of GBy with serials of other proteins through 
binding with CaM. CaM not only increases ALP activity but also participates in the 
biomineralization [153]. In DTC and MTC groups, mutants Gy failed to associate 
with CaM and, as a result, did not activate the downstream signal molecules. So 
there are no differences among the DTC, MTC, and CaM groups, but all of their 
ALP activities are higher than the control because of action with CaM. 

In conclusion, we have cloned oyster GB-subunit and found it widely expressed in 
many tissues. By comparing the deduced amino acid sequence among Gf family 
members, we considered that pfGB should be classified in a novel subunit within GB, 
class. Further research indicates that pfGB might interact with CaM and point to the 
important physiological function in modulating cellular functions. 
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2.5.6 Cloning, Characterization, and Distribution of an 
mRNA Encoding a H*-ATPase a-Subunit in the Mantle 
of Pearl Oyster, Pinctada fucata 


Mitochondrial ATP synthase, containing two major units (Fo and F,), controls the 
production of most cellular ATP. The structure and function of the active complex 
(five subunits (aByde)) are widely known, but the character of its a-subunit playing 
in catalytic mechanism still needs further investigation, especially in bivalve ani- 
mals. We are the first group that successfully cloned and identified the full cDNA 
length of the mitochondrial H*-ATP synthase a-subunit gene in Pinctada fucata 
RT-PCR. This mitochondrial H”-ATP synthase a-subunit is composed of 1991 
nucleotides in Pinctada fucata, the translation initiation site of which starts at nt 
48 (ATG) and the stop codon at nt 1660 (TAA), encoding a polypeptide of 
553 amino acids sharing high similarities (81% identity to fruit fly, 82% to carp, 
and 83% to human) to that of other animals. What’s more, the o/B signal transduction 
domain, as the well-conserved amino acid domain, the sequence alignment analysis 
of which indicated that two residues (Asp358 and Asn359) were different from any 
other known ATP synthase a-subunits. In situ hybridization analysis was then 
carried out to detect the distribution pattern of mitochondrial H*-ATP synthase in 
various tissues in P. fucata. Our work will definitely provide great properties for 
further improvement on pearl energy metabolism to increase the production and 
quality of pearls. 


2.5.6.1 Cloning and Sequence Analyses of P. fucata ATPase 
a-Subunit cDNA 


The sequence of ATPase a-subunit was obtained by mantle cDNA as template and 
two primers (ATPF1 and ATPR1), which was derived from the conserved amino 
acid segments, using PCR technique. A 164 bp product of appropriate size was 
then subcloned to T-vector and sequenced. Sequence alignments indicated that it 
most likely encoded an ATPase a-subunit homolog. Gene-specific primers based 
on the known sequence obtained from the original fragment were designed, 
respectively, to achieve the full-length cDNA of the pfATPase a-subunit by 5’- 
and 3’-RACE using touchdown PCR (Fig. 2.125). After sequence assembly, we 
found that 5’ untranslated regions (UTR) contained 47 bp and yielded a canonical 
polyadenylation signal and poly (dA) tail in 3’ UTR. In conclusion, the full-length 
cDNA was 1991 bp in size with the translation initiation site at nt 48 (ATG) and a 
stop codon at nt 1660 (TAA), encoding a 553 amino acid polypeptide (Fig. 2.125). 
The deduced amino acid sequence matched perfectly to the peptide sequence of 
ATPase a-subunit (Fig. 2.125). 


A: RT-PCR (164 bp) AAAA (1344 - 1507 bp ) 


5-RACE (1458 bp) OO004sAA (1-1458 bp ) 
3-RACE (558 bp) A A eee (434 -1991 bp ) 
Full-length cDNA (1991 bp) OOOO AAA Aw (1-1991 bp ) 
B: 


ACGCGGGGATATTGGTCGAAACCGCACACATACGACAAGTAGACAAA -47 
ATGCTTTCGGCCAGATTAGCAGCAAGTCTCGTAAGACAGCTTCCCAGGGCTGCACCAAAGGTTTGCCAACATGCC 75 
MLSARLAASLY¥RQLPRAA PK VY CQH A 29 
CTGGGAGCTGGACTTATTTCTGCCAAAAAGTTTTCCACATCTACACATCACCATACTOCAGGAGCTAGTGCGGAA 150 
LGaAGLIS AK K FS TSTHUHUHUNTAGAS AE 50 
GIGTCATCCATCTTGGAGGAGAGGATTTTGGGACAGACAACACAAGCTGGATTAGAGGAAACCGGTCGTGTACTA = 225 
VSSTILEERIOLG@OGOOQOTTQAGLEETGRYVIL 75 
TOCATCGGAGACGGTATTGCTCGTGITTATGGTCTAAAGAATATTCAGGCAGAAGAAATGGTAGAATTCTCCAGT 300 
5 IlGDGtHIARVY¥G6@GLKNI@QaAEEWV EFS § 100 
GGTTTAAAGGGTATGGOCTTGAACTTGGAGAGAGATAACGTAGGAGTTGICGTATTTGGTAACGATAAATTAATT =—375 
GLKGWaALNLERODNVGVVVFGNODKL I 125 
AAAGAAGGAGACATCGTAAAAAGAACAGGAGCTATTGTGGATGTCCCCGTAGGAAAGGAATTATTAGGAAGAGIT = 450 
KEGoD#tIVK RTGAtTIVODVPYV¥YGKELLG R Y 150 
GITGATGCTTTAGGAAATCCTATTGATGGAAAGGGACCAATCACATCAQCTGACAGACAGAGGGTAGGAGTTAAG 525 
V DAL GNPIODGKGPIdmg’éssPODRQRV GY K 175 
GOCCCTGGTATCATCCOCCGTATCTCAGTAAAGGAACCTATGCAGACCGGTATTAAGACTGTAGATAGCTTAGTA 600 
APG#HI&MsdIPRI3sV¥RKRKEPHwWQTGIKTY¥OSL SY 200 
OCTATTGGTAGAGGTCAGAGAGAACTCATCATOGGTGACAGGCAGACTGGCAAAACOGCTATTGCAATTGACACA = 675 
PIGRGQRELItIGoODRKQTGKTATIATI OT 22o 
ATTATTAACCAGAAGAGGTTCAACGATGGAACAAATGAGAAGGCCAAGCTTTATTGTATCTATGTITGCTATTGGT 750 
I I NQK RF NODGTNEKAKLY CIY VATI G 250 
CAGAAGAGATCCACAGTGGCTCAGATTGTAAAGAGGCTTACTGATGCAGATGCCATGAAGTACACTGTGATTGTC 825 
Q K RS TVAQIVKRLTODAODA MK Y TVIOI V 275 
AGTGCTACAGCTTCTGATGCTGCTCOCTTACAGTATCTGGCTCCTTACTCGGGATGTIGCCATGGGAGAATTCTTC =. 900 
5 ATA S DAA PLQYLAP Y¥ S85 G CAM GE F F 300 
AGAGATAACGGCATGCACGCCCTCATCATCTAQGACGATCTGTCAAAACAGGCTGTAGCTTACCGICAAATGICA = 975 
RDNGMWMWHALIT ¥ DDLS KQAV A Y¥Y RF QM S 320 
CTACTTTTGAGACGTCOCCCCGCTOGTGAAGCCTACCCTGGTGATGTGTTCTACCTOCATTCACGITTGCTGGAG 1050 
LLLRRPPGREaA*YPGODYV FY¥LHS ELLE 390 
OGTGCTGCCAAGATGAATGACGATAACGGTGGTGGATCCCTCACTGCTCTCCCTGTCATCGAGACCCAGGCTGGT 1125 
RAAKMWMNODODNGGGSLTALPYVIETQAG 375 
CATGTGTCAGCCTACATCCCCACTAACGTCATCTCTATCACAGACGGACAGATCTTCTTGGAGACTGAGTTGTTC 1200 
DYSAYIPTNYVYISITDOQIFLETELF 400 
TACAAGGGTGTACGTOCAGCAATTAATGTAGGATTATCTGTCAGTAGGGTAGGATOGGCAGCCCAAACAAAGGCC 1275 
YKGYVRPAITL_WYVGULSEVSERVGSAA QT E A 425 
ATGAAACAGGTAGCAGGCTCCATGAAGTTGGAGTTGGCCCAGTACAGAGAAGTGGCAGCTTTCGCTCAGTTTGGA =—-.1350 
MK QVAGSMKLELAQYREVAA®RAQE G 450 
TCTGATTTGGATCAGGCTACACAGAATTTACTGAS AGL! ! AC Ih. 1425 
SDLDQATQNLLNRGVRLTELL K QA Q 475 
TATGTACCAATGGOCATTGAAGAACAAGTAGCAGTTATCTATGCTGGTGTCAAGGGACGTTTAGACAAAGTTGAT = 1500 
Y ¥V PWMWATIEEQvVAWVI¥AGYV¥KGRELOD EK VY OD 500 
CCATCTAGAATCACAGAATTTGAAGCAGCTTTTGTATCACACATCAGAGGAAGTCAGCAAGAATTATTAGGTCAG 1575 
PSRITEFEAAFVSHIRGSOQELLGQ 925 
ATCAGGAAAGACGGTCAAATCACAGAAGCCTCOGACGCTAAATTAAAGGAGGTTGTCACACAGTTCTTGTCCACC 1650 
I RKD GOQITEASDAKLKEVYVTQOFFRFLST 550 
TTCCGAAGCATAAATTCATGTGACATTAAACATTTTCTCAAACGAATGGTGATATAGACAGTGCGGTTTTCCTTCT 1725 
F E A * 
GACACTTATTGACTTAGAGTCTATTTATATCAGTGCTAACTTTGAAAGTATGTTGAATTGATTTGIACATGTAAT =. 1800 
GICCCTTGTTITAAAAGATCTTTATAAACATTACATGGCAGTGACTGTTTTACATTGTTTTTGATGAATTCAGACA =-.1 875 
ACTGTTGATGTATAGATGACATTATTAAAGGGATATTATTAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1944 





Fig. 2.125 Full-length cDNA of PfATPase a-subunit and its deduced amino acid sequence in 
P. fucata 

The conserved amino acid sequence residues were applied to design the degenerate oligonucleotides. 
Primers were in bold and the corresponding nucleotides were shaded. The 5’-RACE primer was in the 
box, while 3’-RACE primer was underlined. The stop codon was indicated with an asterisk 
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2.5.6.2 Sequence, Phylogenetic, and Predicted Structure Analysis 


The full-length nucleotide sequence was successfully submitted to the GenBank 
with accession no. DQ986328. ATPase a-subunit is a considerably well-conserved 
protein from the aspect of evolutionary. Multiple protein sequence alignment anal- 
ysis indicated that the a-subunit of pfATPase exhibited high similarities with those 
of ATPase a-subunits from Xenopus laevis (X. la), carp, mammalian, and fruit fly 
(Fig. 2.126a). The o/B signal transduction domain, an indispensable residue for 
cooperative catalysis between a- and P subunits, is the most conserved domain 
[392-394], alignment analysis of which showed that two different residues 
(Asp358 and Asn359) were different from any other known ATPase a-subunits 
(Fig. 2.127). These could be referred as characteristic residues in pearl oysters. 

To find out the evolutionary relationships between the ATPase a-subunit in 
P. fucata and other known ATPase a-subunit isoforms, we constructed a phyloge- 
netic tree using the ClustalX program [379] with the neighbor-joining (NJ) algorithm 
of Saitou and Nei [380] (Fig. 2.126b). The phylogenetic tree indicated that the 
P. fucata ATPase a-subunit was closely associated with its homolog gene in fruit 
fly. In addition to the ATPase o-subunit, pfATPase was closely related to carp and 
fruit fly. However, pfATPase «œ deviated from rat and mouse. 


a 
; Sequence identities (%) 
Groups - : 
P. fucata Carp Fruit fly Gallus X.Ja Cow Homo Mus Rattus 
P. fucata 100 82 $1 82 83 83 83 83 83 
Carp 100 80 88 90 90 90 91 90 
Fruit fly 100 79 81 $1 80 80 80 
Gallus 100 93 92 92 92 92 
A. la 100 92 92 92 93 
Cow 100 97 98 97 
Homo 100 97 96 
Mus 100 98 
Rattus 100 
b 


Carp-p (0.0504) 
T — Fruit fly-p (0.0973) 
P. fucata-p (0.0830) 
Gallus gallus-P (0.0410) 
Xenopus laevis-P (0.0314) 
Cow-p (0.0105) 
—Homo-P (0.0166) 
r Mus-p (0.0043) 
Rattus-P (0.0101) 


; 


| 
k 











Fig. 2.126 Phylogenetic analysis of pfATPase o-subunit in Pinctada fucata and their homologs 
from other species 

(a) Matrix showed the percentage identities of the aligned gene, pfATPase a. (b) Phylogenetic tree 
indicated the evolutionary relationship between the protein sequence of oyster pfATPase a-subunit 
and other homologous genes. (The N-J tree was generated by N-J of program ClustalX 1.81) 
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Fig. 2.127 Alignment 
between the oyster 
pfATPase -subunit 
sequence and other ATP 
synthase a-subunits from 
invertebrates to mammalian 
The amino acid domains 


were marked by overlining. 
The 358th and 359th amino 


acids, Asp (D) and Asn (N), 


respectively, were different 
from other species. (a) 
N-terminal coupled domain 
(1-22 aa), (b) nucleotide- 
binding domain (257-303 
aa), (c) o/B signal 
transduction domain 
(322-388 aa) 
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2.5.6.3 Distribution and Expression of pfATPase a«-Subunit mRNA 
in Tissues 


The specific distribution pattern of pfATPase a-subunit was investigated by in situ 
hybridization. P[ATPase mRNA was widely expressed in almost every tissue in 
P. fucata, including the gill, digestion gland, mantle, gill, adductor muscle, sper- 
matogenic epithelia, and epithelia. The positive hybridization signal of pfATPase 
a-subunit should be dark brown, and the background was not stained. As we can see 
from Fig. 2.128a—e, positive signals were only detected in cytoplasm, while 
hybridization-negative nuclei appeared in all five tissues. Interestingly, positive 
signals were not distributed in muscle. We detected very strong signals in gill 
epithelial cells, mantle epithelial cells, and mantle gland; however, weaker signals 
were detected in the gonad and digestive gland. And the pfATPase mRNA hybrid- 
ization signal didn’t appear in negative control group. In summary, the strong 
expression signals mainly appeared in gill epithelial and mantle cells which were 
considered responsible for shell and periostracum formation, as well as calcium 
metabolism. Our findings were in close agreement with previous studies [24, 378]. 

In conclusion, pfATPase a-subunit is very unique among those ATPase a-subunit 
family members in terms of the following criteria. First of all, the deduced amino acid 
sequence of pfATPase a hasn’t been identified in other bivalve mollusks. Second, the 
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(c) Digestive duct (d) Spematogenic duct (©) Gill epithelial cells 


Fig. 2.128 In situ hybridization of oyster pfATPase a-subunit in various tissues of P. fucata 
Among these tissues, hybridization signals (arrows) were detected in the mantle epithelial cells (a), 
mantle gland (b), digestive gland (c), spermatogenic duct (d), and gill (e) 
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o/B signal transduction domain the one believed to be engaged in cooperative catalysis 
was quite different from any other known ATPase a-subunits. Last but not least, the 
construction of phylogenetic tree also proved that the pfATPase a-subunit was a very 
different kind of any other known members in its family. Thus, the pfATPase 
a-subunit probably defines a brand-new ATPase a-subunit that has never been 
reported before. The physiological function of this pfATPase o-subunit, especially 
its o/B signal transduction domain, remains further studies. 


2.5.7. Cloning and Characterization of an mRNA Encoding 
F1-ATPase Beta-Subunit Abundant in Epithelial Cells 
of Mantle and Gill of Pearl Oyster, Pinctada fucata 


In oyster biomineralization, large amounts of calcium are absorbed from external 
media, transported to the mineralization site, and finally deposited via a matrix- 
mediated process. All these activities are very energy intensive; therefore, investi- 
gations of the energy metabolism pathways of different oyster tissues will facilitate 
understanding of oyster biomineralization physiology. A_ full-length cDNA 
encoding the F,-ATPase beta-subunit (the F,-B-subunit, a major catalytic subunit 
of F-ATPase) from the pearl oyster (Pinctada fucata) was cloned using the homol- 
ogy strategy with a pair of degenerated primers based on the conserved regions of 
other animals’ F,-B-subunit genes. Sequencing and structural analyses showed that 
the obtained sequence shared high identity with other animals’ F,-B-subunits and 
had a unique phosphorylation site of PKC and CK II on the external surface of the 
putative protein. Results from semiquantitative reverse transcription-polymerase 
chain reaction and in situ hybridization demonstrated this oyster F1-f-subunit 
mRNA is abundant in the gill and mantle and distributed widely in the periostracal 
groove, the outer folder, and the dorsal region of the mantle and in the gill epithelial 
cells. These tissues were the main regions that participate in biomineralization 
processes such as calcium uptake, transport, and matrix secretion. The results 
indicate that tissues involved in biomineralization have stronger energy metabolic 
processes and that F);-ATPase might play an important role in oyster biomineraliza- 
tion by providing energy transport. 


2.5.7.1 Cloning of the cDNA Encoding Oyster F,-f-Subunit 


A 660 bp PCR product was amplified from the mantle of P. fucata, using degenerate 
oligonucleotide primers. Sequence analyses using the BLAST algorithm revealed that 
the product fragment encoded the F,-B-subunit. Based on this sequence, two specific 
gene primers (FBF2 and FBR2) were used to amplify the 3’- and 5’-nucleotide 
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sequences of pfATPB cDNA. Touchdown PCR with 5'-RACE yielded a 1154 bp 
fragment including a short 5’ untranslated region (5° UTR), while 3’-RACE yielded a 
744 bp fragment with a 247 bp 3’ UTR. 

The full-length cDNA shown in Fig. 2.129 is 1838 bp in size, with a translation 
start site at nt +20 (ATG) and the stop codon at nt +1589 (TAA). This cDNA 
sequence has been submitted to GenBank with the accession number DQ358698. 
The deduced pfATPB amino acid sequence consisted of 523 amino acid residues 
(Fig. 2.129) with an estimated molecular mass of 56.6 kDa and pI of 5.38. 


2.5.7.2 Amino Acid Sequencing and Motif Analyses 


The deduced amino acid sequence of oyster F,-B-subunit shares high similarity with 
F,-B-subunits from sources ranging from bacteria to mammalian (63% identity to 
Escherichia coli, 80% to Drosophila melanogaster, and 78% to Homo sapiens). 
Three putative conserved domains, including the ATP-synt_ab, the ATP-synt_ab_C, 
and the ATP-synt_ab_N, were identified by searching the NCBI Conserved Domain 
Database website, indicating the deduced protein is an oyster F,-B-subunit. Two 
functionally significant domains for ATP synthesis were also detected in pfATPB 
(Fig. 2.130). The DELSEED domain responsible for binding the y-subunit, which 
couples the mechanical rotation with conformational change of the F; portion in 
ATP synthesis [395], was sited on the C-terminal region of the F,-B-subunit. The 
nucleotide-binding domain GXXXXGKT named Walker motif A was also con- 
served [396, 397]. Additionally, the signature sequence [P-S/A/P-L/I/V-D/N/H-x- 
[314]- [314]-S-x—S] of the ATP synthase alpha- and beta-subunits was also sited at 
the end of the ATP-synt_ab domain in pfATPB. 

Several biologically significant sites that are not in the human F,-f-subunit 
protein were detected in the deduced pfATPB protein including a casein kinase II 
(CK II) phosphorylation site [S/T-X-D/E] located on 6252-255 and two protein 
kinase C (PKC) phosphorylation sites [S/T-X-R/K] located on B155-157 and 
247-249. The predicted 3D structure of the oyster F,-B-subunit showed that these 
additional phosphorylation sites were all sited on external surfaces of the F,-ATPase 
(Data not shown). Since both CK II and PKC are ubiquitous kinases that widely 
participate in physiological processes by means of phosphorylation modification 
[398, 399], these particular phosphorylation sites on the external surface of oyster 
F,-B-subunit might act as new regulatory sites for ATP synthesis. 

To investigate the evolutionary relationship between pfATPB and other known 
F,-B-subunit isoforms, a phylogenetic tree was constructed using the ClustalX 
program. The phylogenetic tree in Fig. 2.131 shows that pfATPB indeed belongs 
to the F,-ATPase beta-subunit family and is most closely related to that from 
Drosophila melanogaster. 
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AGTCTCCTCTACTGT CGCCATEATGCATGCAGTCAGACGAGCETGTGCOGGEGT CTTTAAGACCTCGAATAGCTTTATT 
MMHA VY RRA CA GC VY FK TSH S F I 
GGAACAACTTCAAACACATGCT COCACGCAAAAGTCATACCTTCATATTTATCTACCOGAAGGCACT ATGCAGCGGAACCEAAGGCAGCGE 
GTTS STCSHAKFITIPSYLSTRRABY A AE PE A SA 
GCAGCTACCACGOCCGGAAAAGTGGTCTCTGT CATCGGAGCT GT CGTAGACGTACAATT TGAGGACAGTCT ACCT CCCATT CTCAATGCC 
AATTPGEKYFYFVS¥I¢GAY¥YVOY¥ O@P EDSLPPOIRLCYA A 
TTAGAAGT TAAAAATAGAAAGCCCAGGCTCATCCTGGAAGTAGCGCAGCATT TAGGTGAGAACACAGTAAGAACCATTGCTATGGACGGT 
lL EVKENRKPRLILEVAQHLGENTV¥RTI AR OD G 
ACAGACCCACTCCTTCCTCCTATCCACTCTATACACTCTCCT TTCCCCATCACCATCOCTCTAGCACCACCTACCTT ACCAACAATTATA 
TEG*¥¥RGAECTIOS GRPFPIRIPVGPATLGEITI I 
AATGTCATTGGTGAACCCATTIGATGAAAGGGGCCCAGTACAAACTGACAAAT TACTGCCAATT CACGCTGAAGCCOCAGAATT TIGTAGAA 
N¥iG@GEHPtHIOERGPHF@QtTDEL_EPIAPAEAPEFTFTE 
ATGAGTGTAGAACAAGAGATCT TAGAAACCGGAATCAAAGTTGTAGACTTGCTTGCTCCTTATGCCAAGGGAGGT AAAATTGGICTGITT 
WSEeVPEOQBILETFGTITEFrFY DL ELE APYTAR GER IGGL F 
GGAGGAGCAGGAGTGGGTAAGACTGTATTIGAT TATGGAACTGATTAACAATGTAGCCAAAGCTCACGGAGGTTACTCI GTGT TTGCCGGI 
GGACGVYGRKRTVLIWELINWA FAKE A HCC YS VFA G 
GT CGGAGAGAGAACACGTGAAGGAAACGAT CTCTACCAQGAAATGATCACGT CTAAAGTCATCAGCT TGACAGATGATACCTCAAAGGTA 
VGEEKTRKREGCRODOLY HEWITITSF FE¥I SB t TORTS & YF 
TOGCTGGTATACGGACAGATGAACGAGCOCCCAGGCOCCCOTCCTCGT GTOGCTCTCACTGGACTTACTGTAGCCGAATATTTCCOTGAT 
S LL ¥¥cGQesn &FPPGA RAK VAL TFEGOL TF VA E ¥ FR OOD 
CAAGAAGGACAGGACGTOCTGCTTTTCATTGAGAACATTTTCOGTTTCACCCAGGCCGGTTCAGAGGTOTCCGCTTTGTTAGGACGTATC 
QEGO@ODVLEFIODOWNIFRFTQaAGCSEVSALLG E I 
CCCTCTGCCGTAGGTT ACCAACCCACTCTGGCCACTGACATGGGTACCAT GCAGGAAAGAATTACCACAACCAAGAAAGGATCCATCACA 
Poa vy GT QPTLA TPA TAPER I PFT kao 8 L 1 
TCTGTACAGGCTATCTACGTCCOCGCTGACGATTTGACAGATCCTGOCCCCAGCTACAACATTCGCTCACTTGGACGOCACCACTGTATTG 
SP QALTL EV Pa DOL T OPA PAR ET FPF &i ab ob oA PT Pe 
TCCCGTGGTATCTCAGAGTT GOGTATCTACCCAGCTGTOGATCCCCTT GATT CTACATCACGTATCTTAGATCCCAATGTT GTAGGACAG 
5 RGISBELGIYP AYDPLDSTSERILDPRWVY¥ 64 
GAACAT TACAGAGTAGCCCGTGGTGT ACAGAAAATCTTACAGGACT TCAGATCACTTCAGGATATCATTGCTATTTTGGGTATGGATGAA 
EH Y KR VARGYVYQEKREILQODFRSFLQAQDITATLGOAUDE 
TT CT OCGA GGAAGACAAATT AACCGTCACCAGACCCAGAAAAATTCAGAGAT TCTTGTCACAACCTT TCCAGCTCOCTGAACTTTTCACA 
LL & EEDBRLTY¥ €F RK AK ET @ KE FES 8 PFPA EE UF OCU*rC COT 
CGATCAGCACGAAAAT ATCT OCCACT CAAGGAAACCATCTTAGGGTTCCAACACATTCTTCAAGGTGACTACCATCATTTGCCTGAGCTA 
GSAGRK*Y¥F¥PLEETIUtCGFGQQIrILQaeéepbrYouwepepeE fF 
GLP TTC TACA TGGTGGGTAACA TOGAAGAAG) OG TACAAAAGELAGAAAGAC | GGOLOAGGAGCAG rcafraal GACAGAAA TOAAAA TAA 
A FF B¥GANidieEEYVY F¥ @eReA ERK LA EEG ~“ 
ACTTCTAATGTGTAGCGTTACTACTGACATTAAAGTGTGGIGTCGIAAGGCATTICTCTATGGATCAATATTTATATGACTATT CATAGGG 
TICCATTTATCATAGTGCTGGATTGACTGATATCTGACAGAAAATGAGTTGT T'CTTTTGTGAT GAAATATGAGCT GI TTGTAAACTAAAT 
GITTATTGAACAGTTTATTAAATATAAGAAAT AAAAAAAAAAAAAAAAA 


Fig. 2.129 The pfATPB cDNA and its deduced amino acid sequence 
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The conserved amino sequence residues used to design the degenerate primers for RT-PCR are 
bold. The gene-specific primers used for RACE are underlined. The asterisk indicates the stop 
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ATP-Synt-ab N 


Piu ---- RAZAG ~~ - - [GK TSNSEj1GTPISNLESHARV IPS YLSTR - - -- - - KAAS r gaan 228 Sxl GKIjVEVLGAVV 66 
Cal MA sre Tene sit] REAERLLOS* CARUAAS IELESURVASTECINIO™ NRQCANGR TENS AEATANE AS ORI VAVIOAVY #0 
DM@ --- 222-22 - enn nen enn e eee MjALRAASKAZKNLPPFLGQLS - - - - - HAAKAAKAAAAARGEIVAVIGAVV 48 
cya ----MLGAVG----------- RCCTGALQALEPEYTPLEALNGAP E--- “ RRIAPAARAAAATORIVAVIGAVY 61 
Xla ----MUGAVGRESAG-- - -ALRALKPTSSGVQLEQNLLRjs PAALHSRRD - - - - YAAQTSARAKIGTASGRIVAVIGAVY éa 
Bta ----MLGLVGRVVAASASGALRGLS-PSAJLEQAQMLLRAAPAALOPARD- - - - YAAQASPSPKAGARTGRIVAVIGAVV 71 
Hom ----MLGJVGRVAAAPAS GALRRLT- PSASL/jPAQ@LLRAVRRRFEPVRD - - - - YAAQTSPSPRAGAATGRIVAVIGAVV 71 
SA0 =sssssssoscssssessss ~MIJLPRIITATE RAAKAAKQSAPLLSTS =.ssss DRRELASAACOT TGR (BAVIGALV 54 
Eco ---------.------- ee ern LATGRIVEVIGAVV 14 
ATP-Synt-ab 
+ + * + * tt à dt s+ ft à >i i LEE ‘cee et fe fe 


Pfu DVQFUDS-LPPILNALEVANREP mee a be 145 
Cal DVOFDEN-LPPI GRSPRLULEVCOHLGEN | VREIAMDGIEGLVRGO,V.DTGDPIKIPVGPETLGRIMNVIGE 159 
Dme DVOFDDN-LPPILNA PRLVLEVAQHLGENTVRTIAMDGIEGLVRGQEVLDTGYPIRIPVGJETLGRIENVIGE 127 
CYT DVQFDED-LPPILMALEVAGEDTRLY LEVAQULGENTVETIAMDGIEGLVRGQEVLITGAPIRIPYGPETLGRIMNVIGE 140 
Xla DVQFDED-LPPILNALEVQGRDTRLVLEVAQHLGENTVRTIAMDGTEGLVRGQKVLDAGTPIRIPVGPRTLGRIMNVIGE 147 
Bta DVQFDEG-LPPILNALEVQGRETRLVLEVAQ TVRTIAMDGIEGLVRGQEVLDSGAPIRIPVGPETLGRIMNVIGE 150 
Hom DVQFDEG-LPPILNALEVQGRETRLVLEVA IVRETANDOZBOLVROGEVLD SODEERIIVOR BELARI NYLON 150 


Sac ele JLVLEVAQHLGENTVETIAMDGTEGL DTaey PYG: ere IHNVI GE 134 
Eco DVÈPCODAŬJP AERALEVON VLEVE QELGAERVRTIAMEEEGLEROAIVG DGHP GUTLGRIMNVEGE 94 
Walker motif A 
Pfu PIDERGPLQTEKLEP IHAZAPEFVEMSVEQEILOTGIKVVDLLAPYAKGGKIGLFGGAGVGKIWLIMELINNVAKAHGGY 225 
Cal PIDERGPIAZENFAA THABAPEPYEMSVEQEILVTGIKVVDLLAPYAEKGGE IG! Pie LIMBLINWVARAHGEGY 239 
Ime PI DERGPIDTERTAA IHAEAPEP SVEQEILYTGIERVVDLLAPYAEROGGEIGLEt (LIMELINNVARAHGGOY 207 
Cyc FIDERGPITTEQTAP IHAEAPEF SVEQGEILVTGIEVVDLLAPYAEGGEIGLFS LIMELINNVARAHGGY 220 
Xla PIDERGPITTEQFPAAIHABAPEPVEMSVEQEILVTGIKVVDLLAPYAROGEKIGLFS LIMELINNVAKAHGGY 227 


Eta PIDERGPIETEQFAAIBABAPEFPVEMSVEQEILVIGIEVVDLLAPYARGGEIGL LIMEL INNVARAHGGY 230 
Hom PIDERGPIETEQOFAP IHAPAPEPMEMSVEQEILVTOIFVVDLLAPYTAEROGE IGLF LIMEBLINVVARAHGGOY 230 
















Sac i ee a oe GIKVVDLLAPYARGGRIGLFOGA pi d SELI KAHGG 214 
Eco PAD EGS A THEE, 8 EFLOTGIKVDL I PJAKGGRG i MEL Ii 2HEGY 174 
oe £88838 8882 è ët bi p dtt di è jd ketdi ha b 88 #8808087 888° © 
Pfu SVFAQGVGER TREGNDLYHEMIG Bo rong vvoge uP POARARVALTOLVAEYY RDQEOQOVLLEIDN:T 305 
Cal BURAGVSER TREY SVIDLEEXE SKV_LVYGQMNEPPGARARVELTGLTVASYFRDQEGOQDVLLPIONIFR 319 
Dme SVFAGVGERTREGNDLYEM © GVISLKDKTSKVALVYGQMNEPPGARARVALTGLTVAEYP RDQEGQDVLLFIDNIPR 267 


Cye bhathais ane, m papaa aap adeo a eaaa 300 
Kla SVPAQVGERTREGNDLYHEMIBSGVINLEDTTSKVALVYOQMN BPPGARARVALTGOLTVABYF RDQEGQDVLLPIDNIFR 307 
Bta SVFAGVGERTREGNDLYHEMI ESGVINLKDATSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFR 310 
Hom SVFAGVGERTREGNDLYHEMI23GVINLKDATSKVALVYGQMNEPPGARARVALTGLTVABYFRDQEGQDVLLFIDNIFR 310 
Sac SVFU)GVGERTREGNDLYSEM {ES TEn S EEATT ee ere ere 293 
Eee SVFAGVGERTREGND)YHEM Mis © VID-- - --- KVELVYGQMNEPPGIRM RVALIGLTLAEGFRD-EGSDVLLFGONIGR 247 





E tè FPttt Tt CPP PPP ee LE] ttid £2 Fa FTF FPPC Faaa data Faaa 
Pfu FITQACSEVEALLCRIPSAVCYODPTLATDMCTHOERITTTEKCS ITEVOAIYVPACOLTIOPAPATIFAHLDATTYLERCIH 365 
Cal PIQAGSEVSALLGRIPSAVYGYOPTLATDMGESMQERITITEEGS ITSVOALIYVPADDLTDPAPATTFAHLDATTYLSAGIA 399 
Dme PIQAGSEVSALLGRIPSAVGYOPTLATONGSMQERITITEEGS ITSVQAIYVPADDLTDPAPATIFAHLDATIVLSRAIA 367 
Cya FITOACSEVESALLCRIPEAVCYOPTLATOHCTHMHOERITTIKKCS ITEVOAIYVPADDODLTIPAPATIFAHLDATTITVLERAIA 360 
Kla PIQACSEVSALLGRIPSAVGCYOPTLATDHGTMQERITITERGS ITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRAIA 387 
Bta FIQAGSEVSALLGRIPSAVGYQPTLATDMGTMQERITTTEEGS ITSVQOAIYVPADDLIDPAPATIFAHLDATIVLSRAIA 350 
Hom FIQAGSEVSALLGRIPSAVGYQPTLATDKGTMQERITITEKGS ITSVOAIYVPADDLTDPAPATIFASLDATTIVLSRAIA 390 
Bac PIQAGSEVSALLGRIPSAVGCYOPTLATON ERITITERGSTSVQAY YVPADDLTDPAPATIFAHLDATIVLSRGI] 373 
Eco fiTHAGHEVSALLGR]PSAVGYQPTLALOMNGVIQERITS IkmGS ITSVQAYYVPADDLIDPSPATIFAHLDATVLSRQIA 327 


ATPASE_ALPHA_BETA [—— Ae: Synt-ab_C DELSEED motif 
E ttti Fi 5 a ia i tet Peete erie Fe k PTT eee a 
Pfu ELCI a PHVVGORRYGVARGVORILODGES LODITATLaM ELTVTRARKIQRPLSQPFOV 465 
3k IMDPNVVGQSHYDMARGVQKILQDYKSLODIIAILG 



















Cal ELLY KLTIVSRARKIQRFLSQPFOV 479 
Ome ELGIYP ak INDPN IFGQEHYVARGVQEILQDYESLODIIAILG KLTVARARKIQRFLSQPFQV 447 
Cyc ELCIY ik IMDPHIVESRENYDVARGVQRILODYESLODIIAILGM ELTVARARKIORFLSQPFPOV 460 
Ela ELGIY SRINDPNIVATEHYDVARGVOKILODYKSLODIIAILGWE ELTVSRARKIQRFLSOPFOV 467 
Bea ELGTYE oh IMDPNIVGSERYDVARGVQEILOQDYESLODIIATL& Pee LTVSRARKIGRPLSQGPPOV 470 
Hem ELOIYV a IPULEWVGQEHYDVASLVOGHILORYRSLOD ITAL eLUTVIRARRIOR PFLAG ray 470 


Sac ELGIY 


Bea ELGI 


GQEHYDVAELV Bt ELADI IAIDO 


RKIQRFLSQPFEV 453 
GQEHYDBARGY Savas tap IIAILG 


Op LE VARARKIQRPLSQPFQV 407 


Tri ee rr è ¢ * + + # oe 887 © # Fë + 
Pfu RN NSE Oe OU TLE SDSL EVADE ETE GRA BEQS - $23 
Cal AEVFTGHQGKYVSLGET mea EA AALT ORL EEYAN TAE LEE NERA A 538 
Dme AEVPTGHAGKLVPL IKGPZAILAGDYDHLPEVAF YMVGP LEEVVEKAD LAK 505 
Cye AEVPTGHLSELVPLEDTI spel oe LEGEYDOLPEQAPYMVGPIEEVVQEAEKLA EEHS - 518 
Xla AEVETGHLGKLVPLKDTIKGFQQIL/GAYD: LPBQAF YMVGP IEZAVTKASKLABEKS - 525 
Bta AEVPTGHLGELVPLKETIKGPOQILAGEYDHLPEQAPYMVGPIEEAVARADELAEENS- 528 
Hem EEOAE, VPLKETIKEFOQILACEYDHLOPEQAFYMVGPIEEAVAKA0KLAEEHER 539 
Sac F TOPOKIVALKDIA A TEEFINJLEGKYDIEPEHAFYMVGEIEEVVAKAEKLADNEN- 511 
Eco AEV LKTI RGFKE ID EGEYDHLPEQAFYMVGSIEZAVEKAKKL------ 4650 


Fig. 2.130 Alignment of the protein sequence of pfATPB with other F,-B-subunits from bacteria to 
mammalian 
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2.5.7.3 Spatial Distribution and Expression of Oyster F-P-Subunit 
mRNA in Tissues 


The expression of pfATPB mRNA in various tissues was studied using semiquan- 
ttative RT-PCR. The data in Fig. 2.132 show that the pfATPB mRNA was 
expressed in all tissues, with the highest expression levers in the gill and mantle. 
Previous results have indicated that oyster gill is the major organ for calcium uptake 
from external media with the membrane Ca?*-ATPase system playing a key role in 
the process [52, 108—110]. High expression of pfATPB mRNA in the gill might be 
related to the heavy energy demand of the calcium uptake process. Furthermore, in 
situ hybridization demonstrated that the strongest pfATPB mRNA hybridization 
signals were found in the epithelium of the gill (Fig. 2.133b), indicating that the 
calcium uptake might be mainly in the epithelium cells. 

In situ hybridization was also carried out in the oyster mantle. Strong hybridization 
signals occurred in the periostracal groove, the outer folder, and the dorsal region of 
the mantle (Fig. 2.133a). The periostracal groove, located at the distal edge of the 
mantle between the outer and middle folds, was the main structure responsible for 
periostracum formation, with the epithelial cells of these two folds perhaps having 
different active statuses [400, 401]. In this work, relatively higher positive signals were 
detected on the inner face of the outer folder, suggesting this layer had more active 
energy metabolism and may provide the majority of the matrix secretion in the 
periostracal groove of P. fucata. Additionally, the distribution patterns of pfATPB 
mRNA in the outer folder and in the dorsal region of the mantle were similar to that of 
several key matrix proteins, indicating that F,;-ATPase might participate in matrix 
protein secretion by supplying energy for the oyster biomineralization. 

In conclusion, the mRNA encoding the F,-f-subunit in a bivalve pearl oyster, 
P. fucata, was cloned and characterized. Sequence analyses identified distinct 
phosphorylation sites, which might be possible regulatory sites for the 
F,-B-subunit of pearl oyster. Studies of the spatial distribution and expression of 
pfATPB demonstrated that functionally different tissues had different expression 
levels of pfATPB mRNA. The results provide an informative energy metabolic 
perspective of tissues involved in oyster biomineralization and indicate that 
F,-ATPase might participate in this process by providing the energy for the process. 
This investigation contributes more details of the physiological properties of oyster 
biomineralization. 


K 


Fig. 2.130 (continued) The sequence alignment was performed using the ClustalX program. 
Asterisks indicate positions that have a single, fully conserved residue. Three well-conserved 
regions of F,-B-subunit, including the Walker motif A (GXXXXGKT/S), the DELSEED motif, 
and the ATPASE_ALPHA_BETA signature domain, are in the box. Pfu, oyster (Pinctada fucata) 
F,-B-subunit, 781482; Cal, (Caenorhabditis elegans) F,-B, AAA19068; Dme, fruit fly (Drosophila 
melanogaster) F,-B, AAF59391; Xla, African clawed frog (Xenopus laevis) F,-B, AAH46741; Cyc, 
cyprinoid fish (Cyprinus carpio) F,-B, QOPTYO; Bta, cow (Bos taurus) F,-B, NP_786990; Hom, 
human (Homo sapiens) F,-B, AAA51808; Sac, yeast (Saccharomyces cerevisiae) F-f, 
NP_012655; Eco, bacteria (Escherichia coli) F,-B, AAA24737 
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Sequence identities (%o) 


_ +Bta Hom Cye Xla Dme Cal Eco Sac Pfu 
Bta 100 95 89 91 83 78 64 71 80 
Hom 100 86 89 82 78 63 71 78 
Cye 100 92 85 78 65 T4 $2 
Xla 100 83 79 64 T2 $1 
Dme 100 78 67 75 80 
Cal 100 60 67 74 
Eco 100 64 63 
Sac 100 71 
Pfu 100 
(a) 
0.02 
Eco 
Call 
Dme 
E Hom 
Bta 
Ala 
Cyc 
— Pfu 
Sac 
(b) 


Fig. 2.131 Phylogenetic analysis of pfATPB and its homology with other species: 

(a) Matrix indicating the percentage identities of the aligned F,-B-subunit; (b) phylogenetic tree 
showing the evolutionary relationship of F,-B-subunit with proteins. (The N-J tree was generated 
using the N-J method in ClustalX1.81.) Abbreviations and sources are described in Fig. 2.130 


This work was modified from the papers published by our group (Chen et al., 
2005, 142, 142-152; Fan et al., 2007a, 104, 47-54; Fan et al., 2007b, 39, 722-730; 
Fang et al., 2011; Fang et al., 2008a, 32, 920-927; Fang et al., 2009, 11, 270-279; 
Fang et al., 2008b, 18, 405-412; Li et al., 2010a, 12, 100-110; Li et al., 2009, 153, 
43-53; Li et al., 2010b, 28, 253-260; Li et al., 2005, 272, 4899-4910; Li et al., 2006, 
144, 463-471; Li et al., 2004, 138, 235-243; Liu et al., 2015, 16, 325; Wang et al., 
2008, 1784, 1514-1523; Yan et al., 2007, 1770, 1338-1344). The related contents 
are reused with the permission. 
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Tissues of P.fucata 


Fig. 2.132 Expression of pfATPB mRNA in P. fucata tissues 

Semiquantitative RT-PCR was done with RNA samples from adult tissues of Pinctada fucata. The 
expression of the PCR product (421 bp) is shown with the relative intensities of the bands evaluated 
by densitometry. The 28S rRNA was used as a control with equal quantities of total RNA used in 
RT-PCR. Lane 1, mantle; lane 2, gill; lane 3, digestive gland; lane 4, gonad; lane 5, negative control 





Fig. 2.133 In situ hybridization of oyster ATP5B in the mantle and gill of P. fucata 

(a) Hybridization signals (arrow) were observed in epithelium cells along the periostracal groove, 
the outer folder, and the dorsal region of the mantle. (b) Intensive signals occurred in the gill 
epithelium cells. IF, inner fold; MF, middle fold; OF, outer fold; OE, outer epithelium; IE, inner 
epithelium 
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Supplementary Table 2.1 


Chapter Primer sequence 
2.2.1 TCTGCTGATGCTCCTATGTTTG 
TCTGGTATAACTTTGCCTACGG 
TCTGCTGATGCTCCTATGTITG 
TCTGGTATAACTTTGCCTACGG 
CGTCCCAGCCCTACTITITA 
TGACCCTCATTGGATGTICT 
TGTCCAGTATAAGTCTGTCGA 
TTAAAAGGTCAAAGGTCAAG 
TIGTGAGTTGAACTGGTCGGGATC 
GAAGCAGTGGCAGCGGAAGC 
TGACCCTCGCACTGGTATTG 
GATTGGCTCTGATTCGTCCT 
GCGTAATACGACTCACTATAGGGAGA 
GATTCAGGGGGAAGCAC 
GCGTAATACGACTCACTATAGGGAGA 
ATACGACGCAAAGCCAC 
GCGTAATACGACTCACTATAGGGAGA 
CGTCCCAGCCCTACTITITA 
GCGTAATACGACTCACTATAGGGAGA 
TGACCCTCATTGGATGTICT 
GCGTAATACGACTCACTATAGGGAGA 
TGTCCAGTATAAGTCTGTCGA 
GCGTAATACGACTCACTATAGGGAGA 
TTAAAAGGTCAAAGGTCAAG 
GCGTAATACGACTCACTATAGGGAGA 
TIGTGAGTTGAACTGGTCGGGATC 
dsUR: GCGTAATACGACTCACTATAGGGAGA 
= GAAGCAGTGGCAGCGGAAGC 
dsIF: GCGTAATACGACTCACTATAGGGAGA 
TGACCCTCGCACTGGTATTG 
GCGTAATACGACTCACTATAGGGAGA 
GATTGGCTCTGATTCGTCCT 
dsKF: GCGTAATACGACTCACTATAGGGAGA 
AAGTTCGCCGCTGTTTTGGC 
dsKR: GCGTAATACGACTCACTATAGGGAGA 
CATATCCACCACTGGATCCTGG 
dsNF: GCGTAATACGACTCACTATAGGGAGA 
GGCTTTGGCGACGAACCGGA 


dsNR: GCGTAATACGACTCACTATAGGGAGA 
ACACGGGGGAGTGGTCAGGG 


dsEF: GCGTAATACGACTCACTATAGGGAGA 
ATGGTGAGCAAGGGCGAGGAG 


(continued ) 
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Chapter Primer sequence 
GCGTAATACGACTCACTATAGGGAGA 
TTACTTGTACAGCTCGTCCATG 
GAAGCACGAATCCTAGAG 
TTCACATACGACGCAAAG 
TCCGCAATATAATGAACAAGT 
TAGTAGACGCCACAATGAA 
GTTTGTCTGTTTGTCTGTCT 
CCCTATCACTTCCCATTCA 
AGGATGATGGATCAAGCAT 
GTGGAGGAAGTAGCAGTAA 
TAAAGGTCATAGGTCAAAGGT 
GCTCTGATTCGTCCTCTTA 
AAGAAATGTCACCCTTGGGATTGG 
AATCATCGCCACCATATCCATCG 
GGCTTTGGCGACGAACCGGA 
ACACGGGGGAGTGGTCAGGG 
TGCTGCCATCACGTGAGTATG 
GACTTICCCTTTCTCACACTTCCA 
TACTCATACTGCTGGATA 
TATCATCATCGGTGTAAC 
CATCAACAAGTTCTCATTACAG 
ATCTCCTACGGCTTACAG 
CTGGAATGAGAGGATATG 
TGCTGCTGTAATAACTATA 
qAF TGATAGTGAAGACGATGA 
qAR RTGTCATCATCATCATCATC 


qP14F: TAAGACCATTCTACGGCTAT 
qP14R: ACCATATCCTCCATATAATCCT 
qp-actin-f: CTCCTCACTGAAGCCCCCCTCA 
qp-actin-R: ATGGCTGGAATAGGGATTCTGG 
ue actin-F CTCCTCACTGAAGCCCCCCTCA 
actin-R ATGGCTGGAATAGGGATTCTGG 
18749-F GCGAAATGCAGAAACTAGCAG 
18749-R TAGCTGATGTTGGAGGAGACC 
34354-F GTGTTCTCTGCACCATCTGTTA 
34354-R CTGACTCATCTGTTGCCGAAT 
35118-F CCTTGATGAACACCTGCTGAA 
35118-R AATCGTAGTTCCACCTCTATTGC 
51738-F TCACGATCATGTGAATGCAGGA 
51738-R GTTCCAGTTATTCCACCAGTTGTTC 
56675-F AAGACGACACTACCAATAGCAA 
56675-R TACCTTCCGTACATTCTGTTGT 
GFP-dsF GCGTAATACGACTCACTATAGGGAGAATGGTGAGCAAGGGCGAGGAG 
GFP-dsR GCGTAATACGACTCACTATAGGGAGATTACTTGTACAGCTCGTCCATG 


(continued ) 
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Chapter | Primer name Primer sequence 
18749-dsF GCGTAATACGACTCACTATAGGGAGAGCGAAATGCAGAAACTAGCAG 
18749-dsR GCGTAATACGACTCACTATAGGGAGATACGTGATGTTGGAGGAGACC 
34354-dsF GCGTAATACGACTCACTATAGGGAGAACGAATGGTCAATGGAGACAG 
34354-dsR GCGTAATACGACTCACTATAGGGAGACTGACTCATCTGTTGCCGAAT 
35118-dsF GCGTAATACGACTCACTATAGGGAGAACAGGATGCTACGAATTGGC 
35118-dsR GCGTAATACGACTCACTATAGGGAGACCCGTATTCCATTTCCATTG 
51738-dsF GCGTAATACGACTCACTATAGGGAGAGCAGTCCTATTTGCCGTGTTA 
51738-dsR GCGTAATACGACTCACTATAGGGAGATGTTCCTGTTCCATCTGTTCC 
56675-dsF GCGTAATACGACTCACTATAGGGAGAAGAAATTCATCGAACGCACC 
56675-dsR GCGTAATACGACTCACTATAGGGAGATTTTGTGGGCCTTCTGTACC 
RT-18S -F GGGAATCAGGGTTCGATTCC 
RT-18S -R CCTGCTGCCTTCCTTGGA 
RT-Pif-F TGCTGCCATCACGTGAGTATG 
RT-Pif-R GACTTCCCTTTCTCACACTTCCA 
RT-ACCBP-F GACATGGAACAAAGATGGTGGA 
RT-ACCBP-R CTGTGGCTGGAATGGTTGG 
RT-P39-F CTGGAATGAGAGGATATG 
RT-P39-R TGCTGCTGTAATAACTATA 
RT-Pearlin-F TGCGGACGTTACTCATACTGCT 
RT-Pearlin-R CCACATCTAAGCCACTCATACCTCT 
RT-MSI60-F AGGTGGACGAAGAGGTAGAGGTAG 
RT-MSI60-R AGCGGCAGCGGCAACATC 
RT-KRMP1-F TTTCCTCCTCCTTGGAGCATTC 
RT-KRMPI1-R CCAAAGTTGTAATCATCGCCACC 
RT-Tyrosinase- | AGGAGGGATGCCATTTGATA 


RT-Tyrosinase- | TGGAATGAATTATGGTGTTTGG 


RT-Chitin syn-F | CCAAATTGCCAACCATCTG 
RT-Chitin GAAAGACTCTCCCTCAGACTATGG 
syn-R 

RT Smad5-F ATGGGCGGAGAAAGCCGTAGA 

RT Smad5-R GCCCTTACGATGGGACACTTG 

RT Smad3-F TATTGAAGCACCAGTGTTGCCTCC 
RT Smad3-R TCTAAAGGTGGGCTTGGTGAAACG 
RT Smad4-F CCTGGATAGGTTCTGTTTGGG 

RT Smad4-r TCTGACGGTGACACTGACGAA 


2al forward primer ATYGCWGARTTYAARGARGC 
F1 
reverse primer CCRTCWCCATCAATRTCHGC 
RI 
forward primer GAATTCCTTACAATGATGGC 
F2 


reverse primer TTTCGACATCATCATTTTCAC 
R2 


(continued) 
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Chapter | Primer name Primer sequence 

oligo-dT TCGAATTCGGATCCGAGCTCT\7V 

adaptor 

primer Gl TCAAGGAAGCGTTCAGTTT 

primer G2 CCGTCACCGTCAATATCAG 
GGATCCATGGCCGATCAGCTGACAGAG 
CGGGATCCTCATTTCGACATCATCATTTTCAC 
Dede oligo-dT adap- TCGAATTCGGATCCGAGCTCVT17 


FT] 
Oo 


Go 


tor primer 
primer Fl ATYGCWGARTTYAARGARGC 
primer R1 CCRTCWCCATCAATRTCHGC 
primer LS11 | TCTCGTGGAAGAAATCGACA 
primer R2 TCGAATTCGGATCCGAGCTC 
primer LS12 | CACAGACGGCAATGGAGAGG 
LSGI CTACCATCTCTTCTGCTTCTTCGTCGTCGTCC 
LSG2 CCAAGAACTCGTTGAAATCAACC 
CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT: 
CTAATACGACTCACTATAGGGC 
AAGCAGTGGTAACAACGCAGAGT 
GGAAGAATACAGACACGGACAG 
ATAACAACAGTTTATACATCGCTTC 
ATGGCGGAAGATCTCACAGAAGAACAAA 
TCATTTATTTTCTTGTTGCTGTIC 
GGATCCATGGCGGAAGATCTCACA 
P8 | CAGCTCGAGTTTATTTTCTTGTTGCTGTTC 
2.3.3 GGA TCC ATGGCG GAA GAT CTC ACA 
CGG GAT CCT CAT TTC ATT GAAATC ATT TTG AC 
2.3.4 ATGGCCGATCAGCTGACAGA 
TCATTTCGACATCATCATIT 
ATGGCGGAAGATCTCACAGA 
TCATTTATTTTCTTGTTGCT 
TATTTCTGCACCGTCTGCTG 
ATCTTGGCGAGTGGAGCTAA 
ACACTTTCACTCCAATCGTCC 
TGCCCTTTGGCTTGTTGTCC 
TATTTCTGCACCGTCTGCTG 
ATCTTGGCGAGTGGAGCTAA 
CGCGGATCCATGGCCGATCAGCTGACAGA 
CCGCTCGAGTCATTTCGACATCATCATIT 
CGCGGATCCATGGCGGAAGATCTCACAGA 
CCGCTCGAGTCATTTCATTGAAATCATTTTGAC 
CGCGGATCCATGGCGGAAGATCTCACAGA 
CCGCTCGAGTCATTTCATTGAAATCATITTGAC 
2.3.5 CCGCTCGAGCTATGGCCGATCAGCTGACAGAG 
CaMWT-f 


(continued ) 
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Chapter 


2.3.6 


2.3.8 


23:9 


2.4.1 
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(GFP)- CGGGGTACCTCATTTCGACATCATCATTTT 
CaMW'T-r 

(GFP)-CaLP- CCGCTCGAGCTATGGCGGAAGATCTCACAGAA 
WT-f 


(GFP)-CaLP- CGGGGTACCTCATTTATTTTCTTGTTGCTG 

WT-r 

terminal reverse | CGGGGTACCTCATTTCATTGAAATCATTTTGAC 
oligonucleotide 

CaLP-D-f CCGCTCGAGCTATGGCGGAAGATCTCACAGAA 
CaLP-D-r CGGGGTACCTCATTTCATTTTCTTAGCCATCAT 
CaLP-D2-f CCGCTCGAGCTATGGACACCGACTCGGAAGAGGAA 


reverse TTCTTCTTGATCGGTGTCTTTCGACATCATCATTTTT 
primers 1 


reverse GGGGTACCTCATTATTTTCTTGTTGCTGTTCTTCTTGATCGGT 
primers2 


Red-f CCGCTCGAGATGTCAGAACCGGCTGGGGAT 
Red-r CGGGGTACCGTGGGCTTCCTCTTGGAGAAGAT 
GGATCCATGGCGGAAGATCTCACA 
CGGGATCCTCATTTCATTGAAATCATTTTGAC 
GGATCCATGGACACCGACTCGGAAGAGGAA 
CGGATCCTCATTTCATTGAAATCATTTTGAC 
CGGGATCCTCATTTCATTTTCTTAGCCATC 
forward GGAGAAATAAATGCTGAGGAGTTTGTC 


oligonucleotide 
reverse GACAAACTCCTCAGCATTTATTTCTCC 


oligonucleotides 


forward primer GGVAARGGVAGYTTYGGVAAG 


rg 


gr) 
— 
© 


z 


reverse primerR | ATGTAGTCHGGRGTBCCRCA 


Aw 
N 


TTCACCACCTGTAGCAAGCTCCATTACC 
CACGGGTATTGA ACATGGTTCTAG 
CCTATGCAATCA AGATGATAG 
CCCCGGGACTCACTACCAAC 
CCNGTNACNGTNTGYGGNGA 
GGNARCCARTANGGRTGNGG 
A3RSP AGAGCACACGAAGCACAAGATG 
ASRSP CCCCTGTCCACATAATCTCC 

ACF4 TGGTTTCATAAAATCTGAAGCCCCA 
ACR2 ATGAGCTGGCCACGGAGTC 

BFP2 GGNGARGTNGAYTTYAARGARTT 
BRP2 ARRTTRTTNCCNACCATCAT 

B3RF2 GTGTTGAAAATGATGGTCGG 
B5RR2 AGCCGTCCTTGTCCATATCG 

BCF2 CTGTTTCACAAATAGTTTTAGCAGC 


>i >i A | aH)| 
mir | w N 
5 | oy 
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primer L2 ACVGCVGTDCCDGADCCCAT 

RACE TGGTGACGGTGTGAATGATGCCCCG 
3’-RACE TAGCCATCTCCTCAAGTCCAGCATAATC 
GCTGCG AAACGGTGGCTGCTCG 
ATTATACCTTTTACATTCATAAGTG 
ATTTACGTTTTGATTCCTGTCTG 
GCGGAATTCGATTTAATCGACTC 
CATAGCCCGCAAATTTACTGAC 
ATTATACCT TTTACATTCATAAGTG 
ATTTACGTTTTGATTCCTGTCTG 

L10 GCGGAATTCGATTTAATCGACTC 
L11 GCCGAGTATGTGGTAGAATC 

L12 CACTGTTTTCTGGGTAGCTG 


Go 


Ce Woke 
No) a 


Chapter Primer sequence 
GGTAAGGGCAACTTATCAAAGG 
AE5 TGCCGCCCATATGGCAACAACAGATTCTAAG 
CCGGAATTCTCAGTGATGATGATGATGATGGCTATGGGAATTGTTCAATG 
ATTATTAGAGCACACGAAGCAC 
AGGAGACCATTTGGAGTAAGTC 
TAGCAGCAAAAGAAGTAAAAATG 
GTTCACATTTGCTGTCATTTCAC 
GCCGAGTATGTGGTAGAATC 
CACTGTTTTCTGGGTAGCTG 

2.4.2 TTCAAACGAAAACTGTGCCC 
ATGCCACTCGTTTTCGGATA 
GCCGAGTATGTGGTAGAATC 
CACTGTITTCTGGGTAGCTG 

2.43 ATTATTAGAGCACACGAAGCAC 
AGGAGACCATTTGGAGTAAGTC 
TAGCAGCAAAAGAAGTAAAAATG 
GTTCACATTTGCTGTCATTTCAC 
GCCGAGTATGTGGTAGAATC 
CACTGTTTTCTGGGTAGCTG 

2.5.1 ARYAATGAYTGGTGGAT 
GCYTTYTGCATCATRTCT 
TCCCAGACTGTCACTGTCCTCTCCAACG 
ATGAAGTCGTGCCTTCCATGCG 
GCCGAGTATGTGGTAGAATC 
CACTGTTTTCTGGGTAGCTG 
GAGAATCGCTGATACCTTGC 
GTGCATACTGTCATGTACATAC 
ATGGCTCTTGACGATAAACCAAG 
TCATGTACATACCATGGCTAC 

2.5.2 CTSACMACMAACCAGATGTC 
primer L2 
RACE 
3-RACE 
D 
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2.5.3 CAYGAGCAGAACATCGACTG 
TTCCAYTCVCCCTTGTACTC 
CTAAGAAGCCTGAAGATTGGGATGACCG 
TGGTGACGGTGTGAATGATGCCCCG 
CAGAAGTCAACAATCATACAGCG 
GAAAAGAGTGTCAACTATTTCGG 
GACAACACGTACGAAGTCAG 
ATCGTCATATITATATAATITATCATC 
GCGGAATTCGATTTAATCGACTC 
CACTGTTTTCTGGGTAGCTG 

2.5.4 GATCCHATGCTVCTCTCWG 
CGACAYTCBGTYTTATTGCC 
GGATATACATCACGCATAATG 
CATCATDACGAANGTGTTGAAGAT 
TACATTGACTCCGCCCTGAGACCGTGC 
GCACCGAGCAGAGCGAAGATAATACCAG 
ATCATGGACACGCTCGCTICA 
ACATGATGAAAAATATCCTCGGC 
TTCAGGTGTGTATTGTGGA 
TAGAAGTTGGACTCTGCGT 
GGCTGTAACAGGAGATGGT 
TAGTGAAGCGAGCGTGTCC 
GATGGTGCCGAGGAGTATGTGGTA 
CGTTGATTATCTTGGCGAGTG 

2.5.5 TGGGTI ATG(A/G)C(C/A)TGTGCITA 
A(A/GIC)(TIC)TTG(G/A)(C/T/A)I(G/C)(A/T)(G/AJGCATCACA 
CTCAAGACAAGGGAAGGAAA 
CTGGTGACAAAGACAGACTC 
CCTGTAAATGCTGTCGTCTGCTGACCT 
BeF CGCGGATCCATGAGTTCAGAATTAGAAGCATTG 
BeR CCGCTCGAGCTATCAGTICCA AATCCGGAGGAAGC 
G2F CCGGAATTCGGATGGCCAGCAACAACAACGCCAGC 
G2R CCGCTCGAGTCATTA AAGGATGGCGCAGAAGAAC 
CGCGGATCCATGGCCGATCAGCTGACAGAG 
CCGCTCGAGTCAAGCATAATCTGGCACATCATACCCTTTCGACATCATCAT 

TTTC 

2.5.6 ATGAAG(T/C)T(G/C)GA(G/A)TT(G/A)GCICAGT 
AC(A/T)(G/C)(C/T)(A/TIGIC)ACTTGTTCTTCAAT 
AGTAACTCGGTCAGACGAACTCCCCT 
ACAGGGGAGTTCGTCTGACCGAGTTAC 

2.5.7 GCC AA(G/A)GC(TIC)CATGG(T/A)GG(A/T)TACTC 
TCATCCATACCCA(A/G)(A/G)ATGGCA 
CTGACGATTTGACAGATCC 
CAGTGGTGGCGTCCA AGTGAGC 
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AAGCAGTGGTATCAACGCAGA G 
TGATCCATAGAGAATGCCTTA CG 
AGAGGTGTCCGCTTTGT 
TCTGGTGACGGTTCCTTTGT 
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Chapter 3 € 
Identification (Characterization) cogites 
and Function Studies of Matrix Protein 

from the Oyster Pinctada fucata 





Abstract Shell matrix protein (SMP) which is extracted from shell and extrapallial 
fluid matrix protein (EPFMP) which is extracted from extrapallial fluid have impor- 
tant functions in biomineralization during shell formation of Pinctada fucata. In the 
past decades, the functions of SMPs and EPFMPs were gradually revealed. In 2015, 
our group identified 72 unique SMPs in Pinctada fucata by liquid chromatography- 
tandem mass spectrometry (LC-MS/MS) analysis of proteins extracted from the 
shells of P. fucata aligned with a draft genome. In this chapter, we introduced SMPs 
from nacreous layer (P14, N40, and P£N23), from prismatic layer (KRMP, KRMP-3, 
and Prisilkin-39), from both prismatic and nacreous layer (MSI7, P£{N44, and PfY2), 
EPFMP and extracellular matrix protein expressed by mantle (EFCBP and Ferritin). 
For example, P14 plays a crucial role during nacre biomineralization. N40 could 
stimulate the nucleation of aragonite drastically by serving as a nucleation site. The 
basic protein Pf{N23 might be a key accelerator during the regulation of crystal 
growth in nacre. KRMP protein family plays important roles in the framework 
formation of prism. 

The assays of functional study include RNA interference, antibody injection, 
notching experiment, gene expression analysis by quantitative real-time PCR, 
immunolocalization with gold particles, immunofluorescence in vivo and recombi- 
nant protein purification, chitin and calcium carbonate crystal binding assay, calcium 
carbonate precipitation assay, in vitro calcium carbonate crystallization assay, tran- 
sition of ACC to stable crystals, CD spectroscopy and fluorescence quenching 
in vitro. 


Keywords SMPs - EPFMPs - Biomineralization - Functional analyses 


3.1 Introduction of Matrix Protein of Pinctada fucata 


Extracellular matrix protein (ECMP), for short, matrix protein of Pinctada fucata, 
includes shell matrix protein (SMPs) which is extracted from shell and extrapallial 
fluid matrix protein (EPFMP) which is extracted from extrapallial fluid. ECMPs 
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almost have tandem repeat units which are consist of two to four amino acids; what’s 
more, the primary structures of ECMPs are almost modular structure. 

Pinctada fucata (pearl oysters), one of the most important economical pearl 
production species in China and Japan, is also one of the best studied biomineral- 
ization models [1]. The shells of Pinctada fucata are composed of calcite as the outer 
prismatic layer, aragonite as the inner nacreous layer, and cuticle in the outside. The 
biomineralized products possess admirable mechanical [2] and biological properties 
[3] compared to pure calcium carbonate. The shells include 95% CaCO3 and almost 
5% organic macromolecules like proteins, polysaccharides, and lipids [1]. Shell 
matrix proteins (SMPs) were thought to play important roles in crystal nucleation, 
polymorphism, morphology, and organization of calcium carbonate crystallites 
during shell formation [4]. 

Since the cloning of the first SMP, nacrein from P. fucata in 1996 [5], MSI60 [6], 
N16 [7], Prismalin-14 [8], Shematrin [9], lysine (K)-rich matrix protein (KRMP) [9], 
Aspein [10], tyrosinase [11], N40 [12], Prisilkin-39 [13], Pf£N23 [14], and PfN44 
[15] have been cloned and characterized. SMPs have been found to possess several 
functionalities: (1) they facilitate calcite (Aspein [16]) or aragonite crystallization 
(N40 [12]), (2) they act as framework proteins (Shematrin [17] and Prisilkin-39 
[13]), and (3) they guide calcium carbonate assembly (N16 [18]). SMPs are very 
important for biomineralization of shell which could regulate unordered calcium 
carbonate to shell which is regular and mechanically strong (Table 3.1). 


3.2 Materials and Methods 
3.2.1 Extraction of SMPs from Shell 


Collect shells from P. fucata, clean and immerse them in 5% sodium hydroxide for 
24 h, and rinse in the deionized water to avoid possible contamination of soft tissue 
remnant in the inner surface of shells. The two layers of shells, the inner nacreous 
layer and the outer prismatic layer, were separated mechanically by polish and then 
were washed and air-dried. The fragments were pulverized and were then decalcified 
by 0.8 M ethylenediaminetetraacetic acid (EDTA, pH 8.0) at 4 °C for 60 h with 
continuous agitation. To extract the soluble matrix, the supernatant was collected by 
centrifugation at 13,000 rpm for 30 min at 4°C and was then desalted by ultrafiltra- 
tion (3 K). For extraction of the insoluble matrix, rinse the above precipitation with 
water and treat it with denaturing solution (30 mM Tris—HCl, 1% sodium dodecyl 
sulfate (SDS), 10 mM dithiothreitol, pH 8.0,) for 30 min at 100 °C. After short 
centrifugation, the denatured samples were ready to be applied on 12% 
SDS-polyacrylamide gels. Proteins were stained with Coomassie Brilliant Blue 
and were quantified by Nanodrop. 
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Table 3.1 Shell matrix proteins found in P. fucata 


Specie 
P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(N) 

P. fucata 
(P) 

P. fucata 
(P) 

P. fucata 
(P) 

P. fucata 
(P) 

P. fucata 
(P) 

P. fucata 
(P) 

P. fucata 
(P) 

P. fucata 
(N/P) 

P. fucata 
(N/P) 

P. fucata 
(EF) 

P. fucata 
(N/P) 

P. fucata 
(N/P) 


Molecular mass 
Protein PI (KDa) Functional prediction 
PfN23 11.17 Promote aragonite formation 


MSI60 6.17 Framework protein 
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Framework protein 
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Promote aragonite formation 
BE Induce aragonite formation 
a Induce aragonite nucleate 

MSI31 2.85 Framework protein 


Aspein 1.67 Promote calcite formation 
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Inhibit crystals formation 


Induce aragonite formation 


Prismalin-14 | 4.24 Framework protein; inhibit crystals 


formation 
Prisilkin-39 8.83 
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family 

Shematrin ; a 7-30 Framework protein 
family 


Tyrosine1,2 6. 9 | 54-56 
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Framework protein 
PfN44 4.25 Inhibit aragonite deposition 
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Table 3.1 (continued) 


Molecular mass 
Specie Protein (KDa) Functional prediction 


P. fucata PNU7* E o 


P prism, N nacre, EF extrapallial fluid 
“Unpublished 





3.2.2 Extraction of the EPFMP from Extrapallial Fluid 


The EPF proteins were extracted from the extrapallial space which is located 
between the mantle center and the shell by inserting a 0.8 mm x 50 mm syringe 
needle through the byssal foramen. The tips were inserted slowly and kept away 
from the mantle. Samples collected were transferred to a 50 ml centrifuge tube that 
was placed on ice. EPF was filtered with a 70 pm nylon cell strainer (BD Falcon, 
Bedford, MA, USA) and centrifuged at 800 g and 4 °C for 5 min to remove the cells 
and impurity after extraction. Then the supernatant was filtered by a 0.22 pm 
MILLEXGP filter unit (SLGPO33RB) and stored at —80 °C until use. 


3.2.3 Identification of the Complete Gene Sequence 


Total RNA was extracted from the mantle tissue of P. fucata using TRIZOL (Life 
Technologies, USA), according to the manufacturer’s instructions. Rapid amplifi- 
cation of cDNA ends (RACE) was operated by using a SMARTer™ RACE cDNA 
amplification kit (Clontech, Japan). RACE3 and RACES primers were designed with 
the primers according to the 3’- and 5’-RACE kits, respectively. Confirm the full- 
length sequence using the primers Fulll and Full2. The amino acid sequence 
deduced from the gene sequence was determined using the ExPASy website. The 
signal peptide was predicted by the SignalP 3.0 website. 


3.2.4 Recombinant Protein Expression and Purification 


A recombinant plasmid was constructed by inserting the target gene into the vector- 
like pET21b/pET28a/PGEX-4T-1/Pmal-c5x, which was then transformed into 
E. coli cells. The expression host was incubated at 37 °C in LB medium containing 
ampicillin. When a D600 of 0.6 was reached, the culture temperature may be 
different from 37 °C or 16 °C, and protein expression was induced by the addition 
of IPTG. After being induced for 4 h or 10 h, the cells were collected by 
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centrifugation at 8000 g at 4 °C for 6 min. The harvested cells were resuspended by 
Tris-NaCl buffer (10 mM Tris, 500 mM NaCl, pH 7.5) and subjected to 
ultrasonication, and the protein was purified using affinity chromatography and 
was desalted using AKATA with desalted column. The purified protein was stored 
in a pH 7.5 solution (10 mM Tris, 500 mM NaCl) at —20 °C before use. The protein 
concentration and quality was determined by Nanodrop. 


3.2.5 Preparation of Polyclonal Antibodies Against 
the Recombinant Protein 


Recombinant protein with His/mbp/GST tag at the N terminus was overexpressed in 
E. coli, and elution fractions containing recombinant protein were tested by 
SDS-PAGE and were concentrated and desalted by AKATA against Tris—NaCl 
buffer, pH 7.4. Polyclonal antibodies against recombinant protein were injected in 
New Zealand rabbits following standard immunization procedures and then were 
affinity purified. The specificity of the antibodies was tested by Western blots against 
the purified protein, the EDTA-insoluble matrix extracted from the entire shell of 
P. fucata, and the polyhistidine. 


3.2.6 Gene Expression Analysis by RT-PCR 


Using the methods described before, total RNA was extracted from the mantle edge, 
mantle pallial, gonad, foot, gill, viscus, hemocytes, and adductor muscles of adult 
P. fucata. Equal quantities of total RNA of different tissues were reverse-transcribed 
into cDNA by using Quant Reverse Transcriptase (Tiangen, China) following the 
manufacturer’s instructions. RT-PCR was conducted with the primer pairs to 
amplify target gene and actin (used as a positive control for cDNA preparations), 
respectively. To detect cross-contamination of the samples and avoid false-positive 
results, a negative control was performed without the cDNA template. The qPCR 
was performed on an ABI PCR amplifier (StepOnePlus'™, Life Technologies, USA) 
following the SYBR® Premix Ex Taq™ (TaKaRa, Japan) protocol. The experimen- 
tal process is as follows: 95 °C, 30 s; 95 °C, 5s; and 60 °C, 30 s for 35 cycles. 


3.2.7 In Situ Hybridization 


In situ hybridization of mRNA of target gene was conducted on frozen sections of 
the mantle tissue that had been fixed in 4% paraformaldehyde with 0.1% diethyl 
pyrocarbonate (Sigma, USA) overnight before. The digoxigenin-labeled probe was 
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amplified from the around 300 bp DNA fragment with the primer pair following 
High Prime DIG random labeling (Roche Applied Science, Switzerland) protocol. 
The procedures of hybridization were mainly conducted following protocol with 
some modifications [19]. 


3.2.8 Detection of Native Protein in Shell Extracts 


The presence of native protein in different extracts of the prism and the nacre of the 
shell of P. fucata was tested by ELISA and Western blotting and immunofluores- 
cence. During the ELISA, known amounts (0.1-5 ng) of target protein were used as a 
reference. The experiments were repeated three times to get reliable results. Protein 
samples from different shell extracts were loaded into SDS-PAGE and transferred to 
a PVDF membrane (Millipore, USA). Anti-recombinant protein antibody was used 
at dilutions of 1:1000—1:2000, and HRP-conjugated goat anti-rabbit antibody 
(Calbiochem, Germany) was used as secondary antibody at 1:10000—1:5000. The 
dot was incubated with Luminata Crescendo Western HRP substrate (Millipore, 
USA) and then was exposed to X-ray film for about | min. Control experiments were 
performed without the first antibody step. 


3.2.9 Immunolocalization with Gold Particles 


The immunogold-labeling assay was performed as described by Marin et al. [20] 
with some modifications. The anti-protein antibodies were used at dilutions of 1:200. 
Goat anti-rabbit antibodies were diluted (1:400) and were coupled to 5 nm gold 
particles (Sigma, USA) used as secondary antibodies. Negative controls were 
performed avoiding the first antibody step. Samples were spattered with carbon 
and observed by an FEI Sirion2000 scanning electron microscope (SEM; Nether- 
lands) in the backscattering mode. 


3.2.10 In Vivo Inhibition of Native Protein 


The RNAi assay was conducted as described in Suzuki et al. [21] with little 
modifications. Primers were designed to amplify specific DNA fragment from the 
first strand cDNA. The PCR products were purified using an EasyPure Quick Gel 
Extraction Kit (TransGen Biotech, China). The dsRNA was synthesized and purified 
by a RiboMAX™ large-scale RNA production system (T7) kit (Promega, USA). 
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RNase-free DNase I (Takara, Japan) was used to remove the template DNA. The 
dsRNA was diluted to low dosage and high dosage which is different in different 
papers, with PBS, and then injected into the adductor muscle. Three individuals were 
used for each treatment to avoid individual variation. Total RNA of the mantle tissue 
from each oyster was collected 6 days after injection and used to synthesize the first 
strand cDNA, as described before. Real-time quantitative PCR was used to quantify 
the expression levels of each gene, where actin was used as an internal reference. 
Quantitative PCR was conducted with an SYBRH Premix Ex Taq™ II kit (Takara, 
Japan), according to the protocol. The cycling process were 95 °C for 30 s (1 cycle), 
95 °C for 5 s, 55 °C for 30 s, and 72 °C for 30 s (40 cycles). As the control, the 
expression levels of the PBS injected group were set as a relative value of 1.0. The 
shells of the injection groups were thoroughly washed with Milli-Q water and then 
air-dried 6 days after injection. Shells were cut into pieces and then sputter-coated 
with 10 nm thick gold and observed by an FEI Quanta 200 scanning electron 
microscope. 


3.2.11 Chitin and Calcium Carbonate Crystal Binding Assay 


Chitin-binding assays were conducted as described by Inoue et al. [22], and the 
calcium carbonate crystal binding assay was performed as described by Suzuki et al. 
(1) with some modifications. BSA or target protein (200 pg each) was incubated with 
20 mg of chitin and calcite or aragonite (Sigma, USA). The solution was removed 
after centrifugation, and the insoluble mixture was then washed by distilled water 
and Tris—NaCl buffer for three times. Each washing was mixed with denaturation 
buffer and then was boiled for 10 min. The final insoluble residue was also boiled in 
100 ul denaturation buffer for 10 min, after that the supernatant was separated by 
centrifugation for 5 min at 12,000 rpm. All washing or supernatant agents were 
subjected to SDS-PAGE on a 12% gel. The gel was then stained with Coomassie 
Brilliant Blue after electrophoresis. 


3.2.12 Calcium Carbonate Precipitation Assay 


The effect of recombinant protein on the rate of calcium carbonate precipitation was 
tested according to the method of Suzuki et al. [8], with some modifications. The 
sample solution (10 pl) was mixed with 100 pl of 100 mM sodium bicarbonate 
(pH 8.5). Then 100 pl of 100 mM calcium chloride was added to the mixed solution, 
and the formation of calcium carbonate precipitate was detected every half minute 
for 5 min based on the measured absorbance at 570 nm by a spectrophotometer 
(Bio-Rad 680, USA). 
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3.2.13 In Vitro Calcium Carbonate Crystallization Assay 


Saturated calcium bicarbonate solution was prepared to imitate native crystallization 
environment following the method of Xu et al. [23] with little modifications. CO, 
gas was bubbled into the mixture of calcium carbonate solution for 6 h. The excess 
CaCO; solid was removed by filtration. An aragonitic crystallizing solution was also 
produced like calcite crystallizing solution but adding 50 mM magnesium chloride 
to the first solution. Recombinant protein and negative control protein were added to 
the freshly prepared crystallization solution onto a siliconized glass slide. The 
crystallization solution was removed after 24 h, and air-dried crystals were observed 
by an FEI Quanta 200 scanning electron microscope and Raman spectroscopy which 
was recorded at an excitation wavelength of 514 nm. The spectra were collected in 
the range of 100-1400 cm™' using a Renishaw RM2000 spectrometer three times for 
20 s. 


3.2.14 Transition of ACC to Stable Crystals 


50 mM CaCl? together with 100 mM MgCl, and 100 pg/ml Pf{N44 was prepared 
(solution A). 50 mM NaCO; was prepared (solution B). Solutions A and B were 
cooled on ice for 1 h. An equal volume of solution B was quickly added to solution A 
and mixed well at 4 °C. After 0, 24, or 48 h, deposited crystals were washed by 
acetone, dried, and analyzed by X-ray diffraction and FTIR. This analysis was done 
by three times to get a consistent result. 


3.2.15 CD Spectroscopy and Fluorescence Quenching 


CD measurements were carried with a JASCO-600 spectropolarimeter using 
cuvettes with a 5 mm path length. PfN44 concentration was 200 ug/ml. Fluorescence 
spectra were collected using a Hitachi F-2500 spectrofluorometer, with a 1 cm path 
length cell and excitation wavelength of 280 nm. PfN44 concentration was 5 uM. 
The CD spectroscopy and fluorescence quenching analyses were done three times to 
get a consistent result. 


3.2.16 Primers 


Refer to Supplementary Table 3.1 for details. 
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3.3. In-depth Proteomic Analysis of Shell Matrix Proteins 
of Pinctada fucata 


The shells of pearl oysters, Pinctada fucata, possess calcite and aragonite and have 
excellent mechanical properties. These shells are formed with the regulation of 
macromolecules, particularly shell matrix proteins (SMPs). Identification and char- 
acteristic of diverse SMPs will shed light on understanding biomineralization pro- 
cess. Herein, we identified 72 unique SMPs by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) analysis of proteins which were extracted from the shells 
of P. fucata along with a draft gnome. Among 72 SMPs, 17 SMPs existed in both 
the prismatic and nacreous layers. What’s more, according to the predicted domains 
found in the SMPs, we hypothesize that besides controlling crystal organization and 
CaCO; crystallization, these proteins might regulate the extracellular microenviron- 
ment and communicate between mantle cells and the extracellular matrix (ECM) 
[24]. The SMPs were identified by immunohistological localization techniques in the 
mantle, shells, and synthetic calcite. Taken together, these proteomic data could 
increase the repertoires of the shell matrix proteins in P. fucata and imply that shell 
formation in P. fucata may be relevant tightly to the regulation of the extracellular 
microenvironment and cellular activities. 


3.3.1 Protein Composition in the Prismatic and Nacreous 
Matrix 


The shell of P. fucata is composed of prism and the nacre (Fig. 3.1a). The prismatic 
layer consist of prisms with length of 10-40 um wrapped by the organic sheath 
(Fig. 3.1b), and the nacreous layer is composed by stacked hexagonal nanotablets of 
which side lengths of 0.5—3 um (Fig. 3.1c). In order to extract SMPs, shells were 
cleaned with 5% NaOH to exclude possible contamination from outside organic 
matter. Then the separated shells with prism and nacre were dissolved with EDTA, 
isolating soluble and insoluble extracts. EDTA could chelate Ca** to dissolve the 
Shell and release the organic matrices finally. In this study, we observed the shell 
after 60 h and found that it can be fully dissolved. The harvest of organic matrices 
from the shell was around 1.5—3.5 mg/g (depending on the concentration of proteins 
obtained from certain amount of mashed shell powders). 

The soluble and insoluble extractive were subjected to SDS-PAGE and then was 
stained by coomassie brilliant blue (Fig. 3.1d). Protein bands of the gel were cut off 
and then digested with trypsin. By LC-MS/MS, sequences of peptide fragments were 
blasted against the proteome translated from P. fucata draft genome [25]. Ultimately, 
via bioinformatics analysis including BLAST, SMART, and InterProScan, we 
identified 72 different SMPs from 144 whole proteomes, among which 36 and 
19 SMPs are solely found in the prism and the nacre, respectively, while 17 SMPs 
are found in both layers [24]. It should be paid attention that these identified proteins 
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Fig. 3.1 (a) Optical image shows the prismatic and nacreous layer from a typical shell (red box is 
detected by SEM); (b) SEM indicates the shell surfaces of Pinctada fucata: the prismatic (b) and 
nacreous layer (c); (d) SDS-PAGE of the four groups of extracted proteins from P. fucata (ESM 
EDTA-soluble extracts, EISM EDTA-insoluble extracts, P, prismatic layer, N, nacreous layer) 


are relevant to the existence of lysine and arginine residues which are available for 
trypsin cleavage in the protein sequences [26]. For instance, Aspein and Prisilkin-39 
lack trypsin cleavage sites, making them undiscovered under standard proteomic 
detection [26]. Drake et al. discovered 36 skeletal organic matrix proteins from the 
coral, Stylophora pistillata. Thirty-one were found with tryptic digestion, whereas 
the remaining five were obtained after proteinase K digestion [27]. That is to say, the 
use of different digestion reagents only slightly influence the number of detected 
SMPs, and proteins found by trypsin as a digestion reagent discover most proteins in 
the shell. 

Intrinsic disorder (ID) refers to segments or the whole proteins that have no 
predicted 3D structures, while such disorder sometimes existing in the native state 
proteins. ID domains are crucial molecular features that are related to the formation 
of mollusk nacre; John Evans observed 39 mollusk aragonite-associated protein 
sequences, containing more than one region of intrinsic disorder or unfolding region 
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[28]. This researcher suggested that the intrinsically disordered domains are signif- 
icant for matrix assembly [28]. Therefore, we used [UPRED to check the 35 unique 
SMPs obtained by proteomics. The consequences showed that 22 out of 
35 sequences were predicted to have more than one intrinsic disorder domain (data 
not shown). Through XSTREAM, 7 out of 35 sequences were suggested to have 
tandem repeats (data not shown). It is noteworthy that repetitive low complexity 
domains (RLCDs) are crucial but not the only character for intrinsically disordered 
proteins. 

In terms of the blastp results from the National Center for Biotechnology Infor- 
mation (NCBI) database, SMPs were distinguished into two groups: proteins 
with homology (e-value<10~°) (Table 3.2) and proteins lacking homology 
(e-value>10~> ) (Table 3.3). Compared with the shell proteomics of Pinctada 
margaritifera [29], a coevolutionary species with P. fucata, the numbers of proteins 
found in both layers were notably improved. Shematrin-1, Shematrin-2, Shematrin- 
7, Mpn88, nacrein, nacrein-like, PTyr, PTyrl, and PNU1-9 existed in both layers, 
implying their potential functions in the formation of both layers in P. fucata. 
However, the proteins in both layers of P. margaritifera were nacrein, Shematrin- 
8, and nacre uncharacterized shell protein (NUSP18), suggesting that the molecular 
toolkits contribute to formation of the prismatic and nacreous layers were totally 
different. Sequence alignments from different mollusks and metazoans (data not 
shown) showed that peroxiredoxin, copper amine oxidase, and chitinase were highly 
conserved among the Metazoa. FN3 domain-containing proteins and EGF domain- 
containing proteins were highly conserved in the Pinctada family. 


3.3.2. Immunolocalization of Proteins 


To further confirm the SMPs in vivo and in vitro, immunolocalization experiments 
were executed. Western blotting using polyclonal antibodies as first antibody raised 
against the mixed shell matrix proteins of P. fucata suggested ETDA-soluble 
matrices (ESMs) and ETDA-insoluble matrices (EISMs) all detected by the anti- 
bodies (data not shown). Immunohistochemical results clearly showed that the SMPs 
existed in the mantle edge and mantle pallial (Fig. 3.2 al) while showed no signal in 
the control group (Fig. 3.2a2). Immunogold detections of the prism suggested that 
the matrix proteins exhibited in both the prismatic tablets (Fig. 3.2b1) and the chitin 
layer (Fig. 3.2b3). In the nacre of P. fucata, antibodies exhibited a specific signal on 
nacreous tablets and localized in the interlamellar matrix which separated nacre 
tablets (Fig. 3.2b4) and in the nacre tablets (Fig. 3.2b2), while the control had no 
gold nanoparticle signal (data not shown). Immunolabeling synthetic calcite was 
executed to verify the function of extracted proteins on the growth of CaCOs. In the 
control experimental group without extracted proteins, no fluorescence signal was 
detected under the same microscopy settings (data not shown). In contrast, all four 
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Table 3.2 Shell matrix proteins extracted from the shells of P. fucata with blast homology 


Shell Protein 
layer | Protein ID Protein name | homology Domain 


PN z 

P,N pfu nacrein CA 

PN pfu nacrein-like | CA 

PN pfu Shematrin-1 | GY-rich 


PN | pfu_aug!.0_114185.1_ 13709. pfu Shematrin-2 | GYV-rich 
tl 


P.N pfu Shematrin-7 | GLS-rich 

P,N pfu_aug1.0_109634.1_42492. | PTyr pfu PfTy Tyrosinase 
tl (tyrosinase-like 

protein) 


P,N pfu_aug1.0_10251.1_39018.t1 | PTyrl pfu tyrosinase- Tyrosinase 
like protein | 
P pfu_aug1.0_14219.1_03462. PFMGI1 pfu mantle pro- Complement 
em tein 10 (PFMG1) | component Clq 


pfu_aug1.0_3035.1_59110.t1 











P pfu Prismalin-14 | GY-rich, D-rich 
protein 2-like 
P pfu amylase | A~rich 
P Katich 
P pfu Shematrin-5_ | GLY-rich 
like protein 1 
B1.1 
like protein 2 
2 
P Glyco_hydro_18 
P Glyco_hydro_18 
P pfu PPP-10 S,Y-rich 
protein (Alv) like protein 
amine oxidase 
1 
P actin 
P pfu_aug1.0_17386.1_69084.t1 | SGMP1 pfu SGMP1 S,G-rich 
(cement-like 
protein) 
P pmarTIMP3_| TIMP 
P [pfu augl.0-8833.1_0265611 | PTIMP |- [TMP 


(continued) 
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Table 3.2 (continued) 


Shell Protein 
a Protein ID Protein name | homology Domain 


pfu_aug1!.0_13237.1_61173. Pif177 pfu Pit177 VWA+ChtBD2 
tl; 

ees | aug 1.0_220503.1_50183. 

ees | 


N pfu_aug!.0_277.1_07463.t1 pfu N16 (Pearlin) 


N ee | aug1.0_16924.1_ 69026. pfu N19 
t; 
an | aug1.0_2495.1_22993. 
oe | 
| aug1.0_36504.1_ 12255. 


N PAMSISO Aich 
N pfu MSI6O | A Dich 
N M-rich 
N pfiactin [Actin 
N 


pfu_aug1.0_6671.1_24057.t1 Peroxiredoxin | pfu - 
peroxiredoxin 
N pfu_aug1.0_579791.1_57830. | Polyubiquitin § | pfu polyubiquitin | Ubiquitin 
tl 


groups with the presence of extracted proteins showed fluorescence signals, 
suggesting they could be attached in/on the CaCO3. Especially, SMPs extracted 
from prismatic layers at approximately 1 pg-ml' had no significant effect on the 
morphology of CaCO; crystals and were uniformly distributed (Fig. 3.2c1 and c2). 
EDTA-soluble matrix from nacre was focused in the corn of crystals (Fig. 3.2c3). 
EDTA-insoluble matrix from nacre changed the rhombohedral crystals into 
5—10 um spherical particles. What’s more, the fluorescence distributed at the 
edge of particles (Fig. 3.2c4). These results suggest that SMPs secreted by the 
mantle cells and are finally transported onto the shells. Besides, SMPs can influ- 
ence the CaCO; crystallization process. Extensive studies have indicated that 
SMPs, with a single protein or proteins group, take participate in the nucleation, 
morphology, and polymorphism of CaCOz3 [18, 30]. The immune assay using 
antibodies against the SMPs as first antibody suggests that SMPs from different 
parts of shells play their distinct roles during CaCO; crystallization, leading to 
being distributed in/on CaCO; with different patterns. The in vitro crystallization 
experiments were executed under a basic condition (pH 8.0), which is similar to the 
pH of seawater (pH 8.2); hence, the experiment may provide clue about the 
mechanism behind in vivo mineralization. 
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Table 3.3 Shell matrix proteins extracted from the shells of P. fucata without blast homology [24] 
Shell Protein MW 
layer Protein ID name Domain pl kDa 
P, N pfu_aug1.0_10759.1_31979. | PNU1 ChtBD2 98.2 

tl 


P, N pfu_aug1.0_14699.1_32469. | PNU2 43.6 
tl 
P,N pfu_aug1.0_14887.1_32490. | PNU3 Glyco_hydro_18 6.07 | 33.8 


_ 

P,N pfu_aug1.0_17316.1_18451. | PNU4 le 7.12 
tl 

P, N pfu_aug1.0_287428.1_50307. | PNU5 o 17.1 
tl 

P,N | pfu_aug1.0_4881.1_67066.t1 |PNU6  |D-rich [3.51 |214 

P, N pfu_aug1.0_75094.1_56521. | PNU7 rt 13.8 
tl 

P,N | pfu_aug!.0_7598.1_38581t1 |PNU8 |- —— |986 | 11.6 

P,N pfu_aug].0_86755.1_42180. | PNU9 eoo 9.6 
tl 

P pfu_augl.0_1065.1_36810.t1 |PUI | |Cu2_monooxygen | 9.49 | 53.6 

P pfu_aug1.0_10761.1_31980. a i 
tl 

P pfu_aug1.0_11437.1_03076. |e type 3 lll hoes 
tl 

P pfu_aug1.0_12760.1_53855. = ie CCP dial a 
tl 

P pfu_aug1.0_13143.1_39453. Fibronectin type 3 33.2 
tl 

P pfu_aug1.0_155246.1_57288. mi type 3 16.0 
tl 

P pfu_aug1.0_164724.1_21334. “ao 29.0 
tl 

P pfu_aug1.0_1843.1_37145.t1 | PU8 ChtBD2+CCP+ 5.13 | 21.8 

laminin _G 3 

tl 

P pfu_aug1.0_24840.1_62334. |PU10 Zn? binding + CCP i 
tl 

P pfu_aug1.0_289511.1_28801. | PU11 S 21.5 
tl 

P pfu_aug1.0_853.1_22356.t1 |PUI2  |EGF  |830 /|384 

P pfu_aug1.0_9037.1_60542.t1 |PU13 J= |789 J91 

P pfu_aug1.0_9053.1_67966.t1 | PU14 10.2 |773 

P pfu_aug1.0_9430.1_38910.t1 | PU15 Fibronectin type 3 5.12 |18.1 

P 
tl 


pfu_aug!.0_154829.1_06667. | PU16 Fibronectin type 3 13.6 


(continued ) 
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Table 3.3 (continued) 

Shell Protein MW 

layer Protein ID name Domain pl kDa 

N pfu_aug1.0_12674.1_61081. ee 4.82 | 5.28 
tl 

N pfu_aug1.0_18113.1_25698. Zf-Tim10_DDP 70.1 
tl 


N pfu_aug1.0_2111.1_22872.t1 T98 |292 


N pfu_aug1.0_21286.1_69411 m 8.15 |171 


: NU3 

a .0_ T . |NU4 
tl 

N pfu augl 0_2323.1_15782.t1 [NUS | ChtBD2, GS-rich |469 184.3 
tl 

tl 

a : a 


< 


N pfu_aug1.0_28.1_57930.t1 8.76 | 54.8 
N pfu_aug!.0_4561.1_44973.t1 8.76 | 46.5 


N pfu_aug!.0_954.1_58317.t1 |NU10 |Laminin G2 |9.62 | 178 


Aberration: P prismatic layer, N nacreous layer, “P, N” means that the SMPs exist in both of two 
layers, Pfu Pinctada fucata, Pmax Pinctada maxima, Pmar Pinctada margaritifera, Cgi 
Crassostrea gigas, CA carbonic anhydrase, EGF epidermal growth factor-like, VWA von 
Willebrand factor (VWF) type A domain, ChtBD2 chitin-binding domain 2, CCP/SCR/SUSHI, 
the complement control protein, TIMP tissue inhibitor of metalloproteinase, SAM sterile alpha 
motif, Zf-Tim10_DDP, zinc finger (Znf) domain. “—” represents undetected 

Notes: The protein ID is the gene ID in the draft genome of Pinctada fucata, which is accessed at 
http://marinegenomics.oist.jp/genomes/viewer?project_id=20&current_assembly_version=ver1.0 


3.3.3 Identification and Quantification of Matrix Genes by 
Real-Time PCR 


To identify and quantify the proteins found according to our proteomic analysis, 
real-time PCR was conducted. As we know, the mantle edge contributes to the 
formation of the periostracum and the prismatic layer; nevertheless, the mantle 
pallial is responsible for the formation of nacreous layer [29]. Therefore, we detected 
the relative gene expression of 21 selected genes found in the proteomic analysis, in 
the mantle edge, and mantle pallial and other tissue of P. fucata (Fig. 3.3a). Referred 
to previous research, six developmental stages have been distinguished across the 
entire P. fucata life cycle, containing descriptions of the fertilized egg, trochophore 
stage, D-shaped stage, umbonal stage, juvenile stage, and adult stage [31]. The shell 
layer structure, calcium carbonate crystal polymorphisms, and the expression of 
SMPs were different in different stages [31]. Almost all SMPs represented a 
dramatic increase until the adult stage. For instance, the relative expression level 
of Prisilkin-39 and Pif in the adult stage is 119.48 and 2116.9 times that in the 
juvenile stage, respectively [31]. Therefore, we extract all RNA from the mantle of 
adult oysters in this study. SMPs encoded by the 21 genes include one valine (V)- 
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Fig. 3.2. Immunolocalization of the shell matrix proteins (SMPs) in P. fucata. Polyclonal antibody 
raised against whole extracted proteins is used to identify EDTA-soluble matrices (ESMs) and 
EDTA-insoluble matrices (EISMs) as first antibody. (a) Immunohistochemical localization of 
SMPs in the mantle epithelia: control group without the first antibody (a1); mantle sections addition 
of the first antibody (a2) (MF, middle fold; OF, outer fold; IF, inner fold); (b) immunogold labeling 
of SMPs on the EDTA-processed prismatic and nacreous layers. Layers with the first antibody (b1- 
c4). bl and b3 are prism and b2 and b4 are nacre. The red arrowheads point gold nanoparticles. 
(Scale bars, 200 nm) (c) Confocal fluorescence laser scanning microscopy images of synthetic 
calcite in vitro after adding immunolabeled SMPs. Calcite with 1 pg-mL~' ESM-P (c1), EISM-P 
(c2), ESM-N (c3), EISM-N (c4) (Microscopy parameters are the same. Scale bars, 10 um) 
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Fig. 3.3 Real-time PCR of chosen SMPs with functional domains or repeats indicates relative gene 
expression in the mantle pallial and mantle edge of P. fucata: (a) Relative gene expression of these 
21 selected SMPs in the mantle edge referenced with mantle pallial. Copper=copper amine oxidase 
(b) Relative gene expression of six well-known SMPs (The longitudinal coordinates show the 
values of log;g(/(ME/MP), ME mantle edge, MP mantle pallial) 


rich protein (alveoline-like protein), one aspartic acid (D)-rich protein (PNU6), one 
glycine and serine (GS)-rich protein (NU7), one peroxiredoxin, one copper amine 
oxidase, one tissue inhibitor of metalloproteinase (PTIMP), two complement control 
protein (CCP) proteins (PU8 and PU1Q), two von Willebrand factor type A (vWA) 
proteins (PNU4 and PNU5), one laminin G protein (NU10), three chitin-binding 
proteins (PU8, PNU1, and NUS), four fibronectin type III (FN3) proteins (PU3, PUS, 
PU6, and PU15), and four chitinase (Clp1, Clp3, PNU3, and PU12). Among all 
21 tested genes [24], 18 genes (alveoline-like, PUS, PTIMP, PNU3, Clp1, Clp3, 
copper amine oxidase, peroxiredoxin, PUIS, PNUI, PU3, PU1I2, PU6, PUJO, 
PNU6, NU5, PU5, and NUI/O) were highly expressed in the mantle pallial or/both 
mantle edge, compared to the muscle (data not shown), suggesting they were likely 
to participate in biomineralization process. However, PNU4, PNU5, and NU7 were 
lowly expressed in the mantle edge and mantle pallial, so they may originate from 
other cells like hemocytes [32] and finally be involved in biomineralization [33]. Log 
(ME/MP) is the relative expression in the mantle edge compared to the mantle 
pallial, implying roles of genes in the formation of the prismatic or/both nacreous 
layers. The results suggested that most proteins existed in the prismatic layer were 
highly expressed in the mantle edge (Fig. 3.3a). Unexpectedly, PU10 and PUS were 
found existing in the prismatic layer, while the corresponding genes were more 
highly expressed in the mantle pallial than mantle edge (Fig. 3.3a), indicating their 
additional roles in nacre formation. In the same way, previous studies found that 
Shematrin-5, a prism-related SMP, had much higher expression in the mantle pallial 
than in the mantle edge [34]. What’s more, six well-studied genes were also detected 
by real-time PCR (Fig. 3.3b). Nacrein and Pif177 genes are related to the formation 
of the nacre and presented high expression in the mantle pallial (~10° and ~tenfold 
compared to the muscle, respectively). Tyrosinase-1(Tyr-1), Primalin-14, Prisikin- 
39, and KRMP are genes related to the formation of the prism and showed high 
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expression in the mantle edge (~10*, ~10°, ~10*, and ~10° time compared to the 
muscle, respectively). Hence, these data verify that these genes are highly expressed 
in the calcifying tissues, and the corresponding proteins are involved in the shells of 
P. fucata. 


3.3.4 Putative Functions of the SMPs According to Domains 


To get insight into the functions of SMPs in biomineralization, analysis of their 
sequences and domains is executed. SMPs involved in biomineralization have 
several distinct features: (1) they are abundant in some specific amino acids includ- 
ing aspartic acid, glycine, glutamic acid, and serine; (2) they have RLCDs (repeated 
low complexity domains) and flexible secondary structures; and (3) they have 
multiple modularity. From well-studied SMPs, biomineralization-related proteins 
included carbonic anhydrases and aragonite-binding, chitin-binding, vWA, and 
D-rich domains. According to the blast results, some well-known SMPs are found 
in the shells, confirming the effectiveness of our method. Generally, the Shematrin 
family [17] and tyrosinase family [11] were involved in the most abundant proteins 
in the prismatic layer, and others like nacrein [5], chitinase-like protein | (Clp1) [29], 
Clp3 [29], KRMP [9], amylase (GenBank, AGN55420.1), alveoline-like protein 
[29], glycine-rich protein 2-like (PGRP2) [35], Prismalin-14 [8], liprin-o protein, 
PPP-10 [36], mantle protein 10 (PFMG1) [37], Mpn88 [26], cement-like protein 
(SGMP1) [29], tissue inhibitor of metalloproteinases (TIMPs) [38], actin (GenBank, 
ACD99707.1), and copper amine oxidase [29]. Nacrein [5], Pif177 [21], N16 [7], 
and N19 [39] were abundant in the nacre, and others were MSI80 (GenBank, 
BAL45933.1), methionine-rich nacre protein (MRNP) [40], MSI60 [6], Mpn8s8& 
[26], Actin (GenBank, ACD99707.1), peroxiredoxin [29], and polyubiquitin [41] 
(Table. 3.2). The SMPs that have been thoroughly studied previously will not be 
discussed in this work [24]. 

What’s more, we recognized some domains that are thought to play significant 
roles in the biomineralization process. These domains contain Cu2_monooxygen, 
Glyco_hydro_18, chitin-binding domain 2 (ChtBD2), epidermal growth factor-like 
(EGF), complement control protein (CCP/SUSHI), TIMP, and laminin_G_2/3. 
Referred with domains existed in P. margaritifera, Glyco_hydro_20, Kunitz-like 
domains, and EF-hand were not found. Kunitz domains (InterPro accession number, 
IPROO2223) are the functional domains of proteins that depress the function of 
protein-degrading enzymes. It is noteworthy that the proteins extracted from pris- 
matic layers possess more diverse domains than those from nacre. According to the 
domains, the SMPs were divided into the following two groups: 


1. Proteins that putatively regulate the extracellular microenvironment: chitinase, 
carbonic anhydrase, chitin-binding proteins, and TIMP 


The microenvironment, the temporary small-scale environment around mantle 
cells, and organs are involved in the formation of shells, like pH, framework (mostly 
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chitin), and proteinase in the seawater. Hence, the extracellular microenvironment is 
important for shell formation. Three types of proteins are involved in the microen- 
vironment: carbonic anhydrase, chitin relevant proteins, and proteinase. 

Carbonic anhydrase take participate in controlling pH by converting CO, to 
HCO, and existed in nacrein. Chitin is the major framework on which CaCO, 
grows [42]. Four proteins (PClp1, PClp3, PNU3, and PU2) have Glyco_hydro_18 
domains (IPR001223), which is one of the families of glycoside hydrolases that 
hydrolyze the glycosidic bond between carbohydrates or between a carbohydrate 
and a noncarbohydrate moiety. Especially, chitin oligosaccharides could be hydro- 
lyzed by chitinase. Real-time PCR results showed that the mantle edge and mantle 
pallial had high expression levels of mRNAs of PClpl, PCIp3, and PNU3, 
suggesting their important roles in shell formation (Fig. 3.3a). A very recent micro- 
array study suggested that the D-shaped stage of P. fucata had highly expressed of 
chitinases when the shell were first formed [31]. Besides chitinase, another domain 
relevant to chitin is chitin-binding domain_2 (IPR002557). Four proteins (PNUIL1, 
PU8, Pif177, and NUS) have this domain, indicating that chitin-binding ability is 
important in both layers. The mantle edge had higher mRNA expression levels of 
PNUI and PUS than in the mantle pallial, while N-U5 was the opposite. Pif177, an 
important gene in nacre formation, had a higher mRNA expression levels in the 
mantle pallial than in the mantle edge (Fig. 3.3b). In complicated seawater, all 
secreted SMPs will partly degraded by microorganism proteinases. Action must be 
taken to solve this problem. Tissue inhibitors of metalloproteinase (PTIMP and 
PTIMP3) were found, which may mix with extracellular matrix metalloproteinases 
including collagenases and irreversibly devitalize them (IPROO1820). The extracel- 
lular regions of vertebrate species had members of this family. It has been suggested 
that the effect of TIMP in P. martensii on nacre formation is to depress matrix 
metalloproteinases (MMP) activity by degrading most components of the extracel- 
lular matrix [38]. Therefore, the TIMP could ensure a “safe” microenvironment for 
other SMPs to execute their activities via creating suitable ratios of MMP to TIMP. 
Inhibition of MMP activity in humans occurs in a 1:1 stoichiometric relationship, 
and an imbalanced MMP to TIMP ratio may lead to various diseases [43]. In 
P. martensii, knocking down of TIMP by double-strand RNA interference leads to 
abnormal nacre formation. However, the “suitable” MMP-TIMP ratio in the forma- 
tion of nacre has yet unknown. In fact, water-soluble extracts from the nacre of 
P. margaritifera had proteinase inhibitory effect against proteinase K [44]. What’s 
more, TIMP also existed in the shells of C. gigas [45] and M. coruscus 
[46]. Whereas, there are not found of other protease inhibitors, including Kunitz- 
like protease inhibitor and WAP (whey acidic protein) domains proteins [47] in the 
shells of P. fucata. There is also a guess that the content of proteinase inhibitors in 
the shell is too low to detect. The problem may be solved by RNA-segq of mantle cells 
in the future. 


2. Extracellular matrix (ECM) relevant proteins: laminin proteins, fibronectin- 
related proteins, EGF proteins, and liprin-« proteins 
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The shells keep growing and can be repaired after injury of cut, showing there 
might be interaction between cells of different systems from P. fucata and the 
extracellular matrix (ECM). Proteomic data of C. gigas showed that oyster shell 
matrix formation is not simply by self-assembling silk-like proteins but via diverse 
proteins by complex combination and modification processes that may include 
hemocyte and exosomes [45]. In fact, we found that the RNA transport and ECM 
receptor proteins were the most abundant in shell matrix. In accord with previous 
results, four ECM-related domains (fibronectin-related, laminin, EGF proteins, and 
liprin-a) in the SMPs were identified that may regulate communication between cells 
and the extracellular matrix. 

Fibronectin type HI (FN3) repeat regions were found in five uncharacterized 
proteins from the prismatic layer, PU3, PUS5, PU6, PU15, and PU16, (Fig. 3.3a). 
Interestingly, PU3, PUS, and PU6 are one of the most expressed proteins in the 
mantle pallial (data not shown), even though they exist in the prismatic layer. PU3, 
PUS, PU6, and PU15 have high expression in both mantle edge and mantle pallial, 
indicating their crucial roles in the formation of both layers. FN3, an approximately 
100 amino acid region, contains different tandem repeats of binding sites to DNA, 
heparin, or the cell surface. Most of proteins with FN3 participated in cell surface 
binding or are cytokine receptors (IPR003961) or receptor protein of tyrosine 
kinases. The beta-sandwich structure of FN3 closely likes that of immunoglobulin 
domains [48]. Remarkably, a gene coding for a fibronectin-like protein in C. gigas 
had high expression at the early developmental stage when larval shells are formed 
in accord with chitin synthase [45]. The shells of various biomineralization species 
contained fibronectin, including P. margaritifera [29], C. gigas [45], M. coruscus 
[46], and A. millepora [49], suggesting that fibronectin is vital but yet unknown 
roles. 

PU8 and NU1O contain a laminin_G (LG) domain, which is reported to mediate 
attachment, migration, and organization of cells into tissues when embryonic devel- 
opment due to its function of interacting with other extracellular matrix components 
(IPR001791). This domain has about 180-200 residues and exists in many extra- 
cellular and receptor proteins. LG modules have been predicted to interact with 
cellular receptors including of, integrins, sulfated carbohydrates, and other extra- 
cellular ligands [50]. Proteins containing laminin_G domain are found in the shells 
of C. gigas [45], M. coruscus [46], and L. gigantea [51]. 

PU12 has two epidermal growth factor-like domains (EGF), which commonly 
exist in extracellular proteins (IPR000742). EGF could exhibit six conserved cyste- 
ine residues linked by three sulfide bonds. These domains are relevant to the 
apoptosis, immune system, and Ca** binding. EGF proteins are found in the shells 
of P. margaritifera, C. gigas [45], M. coruscus [46], and L. gigantea [51]. 

Another protein in this category is PLiprin-a, a kind of the leukocyte common 
antigen-related (LAR) protein tyrosine phosphatase-interacting protein. This protein 
could bind to the tyrosine phosphatase LAR and the LAR locates at cell focal 
adhesions. This binding may adjust the disassembly of focal adhesion and then 
help orchestrate cell-matrix coactions (IPRO29515) [52]. However, this protein only 
exists in the shells of C. gigas [45]. 
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Notably, FN3, laminin_G, EGF, and liprin-a proteins are capable of interacting 
with integrins which are transmembrane receptors which mediate cell-cell and cell- 
ECM interactions [53]. Integrin was found in the matrix proteins of S. pistillata 
which is a biomineralization model of coral species [27]. What’s more, «ype integrin 
was reported to be expressed by ameloblasts and participated in regulating 
amelogenin deposition and enamel biomineralization [54]. These studies indicate 
that the integrin has a strong participation in biomineralization. In fact, gene expres- 
sion of integrin in the mantle of P. fucata is higher than that in the gonad, foot, 
muscle, and gill through real-time PCR (data not shown). 


3. Other Proteins of Interest 


Except for the above two families of proteins, some genes are also important 
according to their high expression in the mantle. There are an acidic protein, four 
VwaA proteins, three complement control protein (CCP), a V-rich protein, and two 
enzymes (tyrosinase and copper amine oxidase) discussed as below. 

PNU6 is an extremely acidic protein with predicted pI of 3.51 and has poly(D). 
The unique primary sequence suggests its role during the CaCO; formation, poten- 
tially anchoring Ca** via the polyD domain, concentrating local Ca** and assisting 
calcite precipitation. The effect of PNU6 may be resembled to the polyD-containing 
protein Aspein, an unusually acidic matrix protein existing in P. fucata [16]. 

Interactions between protein-protein are important for shell formation as frame- 
work proteins, acidic proteins, and other proteins must cooperate to fulfill the 
complicated process of biomineralization. VwA domains (IPR002035) of extracel- 
lular eukaryotic proteins could mediate adhesion through metal 1on-dependent 
adhesion sites (MIDAS), which are also found in Pif177, PNU4, PU4, and PNUS. 
Three out of the four proteins exist in both layers, implying the importance of 
protein-protein interaction in formation of both layers. VWA proteins are also 
found in the shells of P. margaritifera [29], C. gigas [45], M. coruscus [46], and 
L. gigantea [51]. 

The complement control protein (CCP) modules (also titled as short consensus 
repeats (SCRs) or SUSHI repeats) are composed of approximately 60 amino acid 
residues. They are found in many kind of complement and adhesion protein [55] and 
are also found in matrix protein PU4, PU8, and PU1O. Some of these proteins in this 
group play roles in the molecular basis of the blood group antigens which lie on the 
outside of the red blood cell membrane as surface markers (IPR000436). The CCP 
proteins suggest a putative relationship between the immune system and shells 
formation. CCP proteins exist in the shells of P. margaritifera [29], C. gigas [45], 
M. coruscus [46], and S. pistillata [27]. 

Alveoline-like protein (Alv), a protein with characteristic of V-rich, has only been 
found in the other two related species P. maxima and P. margaritifera [29]. Real- 
time PCR suggests that it is highly expressed (almost 10°—10* times compared to the 
muscle) in both the mantle edge and mantle pallial (Fig. 3.3a), suggesting its crucial 
roles in the formation of both prism and nacre. Whereas, the function of Alv during 
CaCO; crystallization is poorly understood. 
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Tyrosinase is an oxidase that could control the production of melanin through 
hydroxylation of a monophenol to o-quinone (IPRO02227). It has been reported that 
there are 21 tyrosinase genes in the genome of P. fucata [56]. As expected, there are 
four tyrosinase proteins identified in the prismatic layer and two tyrosinase proteins 
exist in both layers. Tyrosinase is also identified in the shells of P. margaritifera 
[29], C. gigas [45], and M. coruscus [46]. Although the specific roles of tyrosinase 
are still under study, it is speculated that this protein has distinctive functions in 
melanogenesis of pigmented shells [11]. What’s more, a tyrosinase gene is possibly 
involved in the biogenesis of larval shell in C. gigas [57]. 

Copper amine oxidase could catalyze the oxidation of many kinds of biogenic 
amines like neurotransmitters, histamine, and xenobiotic amines (IPRO00269). They 
have multifunctions including cell differentiation and growth, detoxification, wound 
healing, and cell signaling in eukaryotes. Copper amine oxidase in P. fucata has 
expressed highly in the mantle edge and has lower level in the mantle pallial. 
Whereas, its role has not thoroughly been investigated in mollusks. A previous 
report of eastern oysters indicated that the amine metabolic was enriched in SMPs 
via gene ontology enrichment analysis [33]. This protein has not been studied in 
other mollusks shells. 


3.3.5 The Hint of Proteomics on the Shell Mineralization 
Mechanism 


Some unexpected proteins have been discovered from our proteomic analysis, 
implying the complication of biomineralization in pearl oyster. The increased 
SMPs offer help to refine the previously proposed model of “chitin-silk fibroin gel 
proteins-acidic macromolecules” [42]. It has been previously proposed that the 
biomineralization mechanism of nacre includes the following four stages: (1) matrix 
assembly, (2) the first-formed mineral phase, (3) nucleation of sporadic aragonite 
tablets, and (4) tablets growth and formation of the mature tissue [42]. The matrix is 
formed by £-chitin layers at the first stage, with a gel composing of silk-like protein. 
Through proteomics analysis, we distinguished four chitinases in both shells layers 
which is an enzyme that could catalyze the hydrolysis of linkages of B-1,4-N-acetyl- 
d-glucosamine in chitin polymers or oligomers. Surprisingly, we did not identify any 
chitin synthase from our proteomic analysis, even though chitin synthase genes can 
be identified in P. fucata genome [56]. These results suggest that chitin synthases 
might locate inside the cell or on the cell membrane, whereas chitinases are secreted 
to the outside of cell to distribute on the chitin network. Chitin-binding proteins 
could interact with both chitin and minerals. For instance, Pif protein with chitin 
domains have been reported to participate in the combination of polysaccharide 
template and the inorganic phase and in the regulated nucleation of the initial mineral 
phase [30]. Pif proteins in vivo are indicated to be able to interact with other proteins 
like N16, participating in the formation of the lamellar sheet of nacre [21]. Silk-like 
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proteins contain abundant Gly and Ala or just in Gly. Similar proteins cover MSI60, 
MSI80, Shematrins, PGRP2, PAmylase, SGMP1, NU5, KRMP4, and NU7. Silk- 
like proteins are discovered in both the prismatic and nacreous layers, suggesting 
their importance during shell formation. One effect of silk-like proteins 1s to work as 
a mild inhibitor of mineralization [42]. An in vitro crystallization experiment 
suggests that recombinant KRMP3 depresses the CaCO; precipitation, affects the 
crystal morphology of calcite, and inhibits the aragonite growth in vitro, and these 
effects are almost totally due to the lysine-rich region. The Gly/Tyr-rich region in 
KRMP3 could bind chitin [58]. After that, the second stage of the first-form mineral 
phase, which usually consists of amorphous calcium carbonate (ACC), is formed. 
ACC has been considered as the precursor of biominerals, which is found in many 
living organisms like nacre [59]. Mollusks need high dosages of Ca** and CO;~ 
from the seawater to ACC. CO;” is concentrated by carbonic anhydrase including 
nacrein, and Ca** is concentrated by acidic proteins like Pif [21] and Aspein 
[16]. ACC is unstable referenced to calcite and thus requires to be stabilized by 
specialized macromolecules including Pif [30]. We found several acidic proteins in 
the shell, including PNU2 and PNU6. Nucleation of individual tablets begins at the 
third stage, requiring some nucleators. Asp-rich proteins are indicated to play 
important role in this stage. The final stage is the growth of the tablets to form 
mature shell, and the morphology of the final biominerals is considered to be 
thermodynamically driven [60]. At the final stage, SMPs are combined into the 
final biominerals. Notably, some SMPs like Pif have multiple effects and can 
function during more than one stage. What’s more, peroxiredoxin, tyrosinase, and 
copper amine oxidase could contribute to modification of SMPs, being related to the 
massive structure and mechanical properties of shells. 

Although this model could explain biomineralization largely from crystal growth 
perspective, many proteins like FN3 proteins, CCP proteins, and EGF proteins found 
in our proteomic analysis are not included to crystal growth until now. Recently, 
researches show that eastern oyster, Crassostrea virginica, forms its shell via a series 
of coordinated events including hemocyte cells and ECM [61]. Indeed, primary 
mantle cell cultures of P. fucata could also precipitate amorphous calcium carbonate 
in vitro, indicating the ability of mantle cells to participate in biomineralization and 
shell formation processes [62]. Thus, it is convictive to hypothesize that the shell 
formation process is relevant to ECM-related proteins which are secreted by the 
mantle cells. These ECM-related proteins are a part of SMPs and may have multiple 
functions. In fact, a highly expressed ECM-related protein, osteopontin, in the bone 
that is glycosylated and rich in acidic residues takes part in a number of cellular 
processes like immune response and apoptosis in addition to its main role in 
biomineralization [63]. 

Although we notice that domains could not necessarily represent the exact 
function of whole proteins, the results in the present study could provide hints on 
the further study of the diverse shell matrix proteins and improve our understanding 
of biomineralization. 
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3.4 Shell Matrix Protein from Nacre Layer 


3.4.1 Extraction and Purification of Matrix Protein P14 from 
the Nacre of Pearl Oyster Pinctada fucata 


P14, a soluble matrix protein with a calculated molecular mass of 14.5 kDa, was 
separated from fragmented nacre of pearl oysters (Pinctada fucata) which were 
treated with 10% NaOH solution to extract the nacre matrix proteins and study 
their effect on the CaCO; crystal further. The protein was identified by gel exclusion 
chromatography and reversed-phase high-performance liquid chromatography after 
demineralized by 10% acetic acid. The X-ray diffraction pattern of P14 crystals 
suggests that P14 plays a crucial role during nacre biomineralization. P14 could 
induce aragonite formation by stimulating CaCO; crystal formation and accelerating 
aragonite precipitation. Calefaction of the acid-insoluble nacre residue, named as 
conchiolin, in 10% sodium dodecyl sulfate solution with addition of 10% 
B-mercaptoethanol solution for 10-20 min at approximately 100 °C produces two 
other soluble proteins having molecular masses of 19.4 kDa and 25.0 kDa, respec- 
tively. The present study implies that these two proteins are linked to the insoluble 
organic matrix via disulfide bridges as the extraction yield increases when adding 
-mercaptoethanol to the medium. 


3.4.1.1 Isolation and Purification of P14 


P14 was isolated from the acid soluble matrix (ASM) using reversed-phase high- 
performance liquid chromatography (HPLC) and gel exclusion chromatography. 
The absorbance at 280 nm (data not shown) indicated that the ASM was a compound 
which contains more than one protein in one peak. These proteins were then purified 
using gradient elution with acetonitrile through the HR CI8 of HPLC column, which 
could separate one main peak to several smaller and single peaks (Fig. 3.4). The 
SDS-PAGE results showed that the main peak was a purified protein which has 
apparent molecular mass of 14.5 kDa, the so-called P14 (Fig. 3.5). At the same time, 
P14 subjected into native PAGE showed two different bands (Fig. 3.6), which 
indicates that P14 has two different components which were not shown in the 
denaturalized condition. 


3.4.1.2 Effect of P14 on CaCO; Crystallization 


The function of P14 on the CaC03 crystallization process was examined by the 
X-ray diffraction pattern of crystals grown in crystallization solution with and 
without ASM and P14 (Fig. 3.7). The experiments results suggest that P14 and 
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Fig. 3.4 Reversed-phase HPLC analyses of ASM which were first purified by gel exclusion 
chromatography in present study. 150 pl samples were eluted with a gradient of 0-100% acetoni- 
trile with flow rate of 1.5 ml/min. The main peak was collected and concentrated to obtain 
purified P14 


Fig. 3.5 Analysis by 15% kDa 

SDS-PAGE of proteins 

(ASM) and P14 extracted = 97.4 
== 66.2 


from nacre of P. fucata. 
Lane 1, ASM from nacre of C 43.0 
P. fucata; lane 2, protein 

band after first separation by 

gel exclusion 

chromatography; lane 

3, purified P14 with an 

apparent molecular weight 

of 14.5 kDa; and lane 145 
4, protein marker of —_. g 
molecular mass standards 


comme 31.0 


Fig. 3.6 Indication of 
purified P14 in 12.5% native 
PAGE. Lane 1, BSA 
solution with a dosage of 

1 mg/ml; lane 2, 0.1 mg/ml 
purified P14 
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Fig. 3.7 X-ray diffraction pattern of CaCO; crystals mineralized on the glass surface with (a) ASM 
and (b) P14 


ASM from the nacre of Pinctada fucata induced the formation of aragonite. What’s 


more, P14 stimulated CaC03 formation and accelerated the precipitation rate of 
aragonite. 


3.4.2 A Novel Matrix Protein p10 from the Nacre of Pearl 


Oyster (Pinctada fucata) and Its Effects on Both CaCO; 
Crystal Formation and Mineralogenic Cells 


A novel matrix protein, named as p10 according to its apparent molecular mass of 
10 kDa, was separated from the nacreous layer of pearl oyster (Pinctada fucata) via 
reverse-phase high-performance liquid chromatography [64]. In vitro crystallization 
assays indicated that p10 could stimulate the calcium carbonate crystals nucleation 
and induce aragonite formation, suggesting that it might play a crucial role during 
nacre biomineralization. As nacreous layer is known to possess osteogenic factors, 
two mineralogenic cell lines MRC-5 fibroblasts and MC3T3-E1 preosteoblasts were 
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Fig. 3.8 Reverse-phase HPLC profile of the total extracted proteins. 100 pl samples were eluted 
with an elution gradient from 0% to 100% acetonitrile (dashed line indicates) with a flow rate of 
0.8 ml/min. Peak 3 (p10) was collected and concentrated for further analysis 


used to study the biological activity of pl0. The results implied that p10 could 
increase alkaline phosphatase vitality, an early differentiation marker of osteoblast, 
while the activity of MRC-5 and MC3T3-E1 remained stabilized after treatment of 
p10. All in all, the findings resulted in identification of a novel matrix protein from 
the nacreous layer of P. fucata that plays an important role in both the biomineral- 
ization and in the differentiation of the cells involved in biomineralization. 


3.4.2.1 Characterization and Purification of p10 


Total nacre matrix proteins were extracted from the nacreous layer of P. fucata with 
phosphate buffer (pH 7.0). A major band of the proteins with apparent molecular 
mass of 10 kDa was observed in these extracted proteins. The total nacre matrix 
protein was then subjected to reverse-phase HPLC and this 10 kDa protein was 
purified with three main peaks appeared in the result (Fig. 3.8). SDS-PAGE analysis 
(Fig. 3.9a, lanes 2 and 5) showed that peak 3 was a purified and single protein which 
has a molecular mass of 10 kDa so-called p10. p10 showed a single mass spectrum 
protonated ion peak at m/z 6813.82 (Fig. 3.9b). The yield of p10 detected by the 
BCA method was approximately 50 ng/g from nacre powder. 


3.4.2.2 Effect of p10 on Calcium Carbonate Precipitation 


A series of precipitation experiments with or without p10 showed that the procedure 
could be divided into the following stages (Fig. 3.10). Firstly, CaCl. was added to 
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Fig. 3.9 (a) SDS-PAGE and (b) MALDI-TOF mass spectrometry of the protein p10 purified by 
reverse-phase HPLC. Lane | and lane 4, molecular weight markers with masses directed on the left. 
Lane 2 and lane 5, purified p10 with an apparent molecular mass of about 10 kDa (black arrow 
points). Lane 3, protein band pattern of whole extract protein, including p10 (black arrow indicates). 
The gels containing lanes 1—3 were dyed with Coomassie Brilliant Blue, while the gels containing 
lane 4 and lane 5 were dyed with silver salt [64] 


NaHCO; to form saturated solution along with pH dropped instantly. This sudden 
change might be related to the formation of a compound from the ionic species, other 
than nucleation. Secondly, there was a slight rise of the pH, resulting to a relatively 
stable stage for a few seconds. Finally, precipitation and nucleation occurred 
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Fig. 3.10 Detections of calcium carbonate precipitation of a saturated solution. (a) Effect of p10 on 
the precipitation rate of calcium carbonate. The pH of the solution was recorded as a distinction of 
precipitation. (b) Averages of the data in (a) in the first 100 s of the pH calculations 


[65]. The duration of the stable period was decreased with p10 in solution, compared 
with control group. What’s more, the slope of the precipitation curve of calcium 
carbonate from experimental group was also slightly steeper than that of control 
group during the first 100 s (Fig. 3.10b). All these appearances suggested that p10 
could stimulate the precipitation rate of calcium carbonate; in other words, there is 
no inhibition on crystal growth from p10. 
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Fig. 3.11 SEM images of crystals mineralized in supersaturated calcium carbonate solution with 
addition of (a) Milli-Q water (control), (b) BSA protein (control), or (c) p10. (d) Enlarged image of 
the boxed part in (c) 


3.4.2.3 Effect of p10 on Calcium Carbonate Crystallization 


To investigate the influence of p10 on calcium carbonate crystallization, the mor- 
phology of crystals grown in the presence of p10, or no protein was observed using 
SEM (Fig. ). The crystals grown without p10 (both with BSA and with no 
protein) all exhibited forming rhombohedral morphology of calcite (Fig. a, b). 
Nevertheless, crystals grown with p10 showed two different kinds of morphologies 
(Fig. c). One kind is the exhibited rhombohedral morphology of the calcite, 
while the other crystals grown in the presence of p10 displayed a needlelike, cluster 
morphology (Fig. d), which is the classical morphology of aragonite [64]. 

The small needlelike crystals grown with p10 detected to have the characteristic 
Raman peaks of aragonite at 206, 703, and 1085 cm! (Fig. ), Whereas the 
rhombohedral crystals displayed characteristic Raman peaks of calcite at 282, 712, 
and 1086 cm”! (Fig. ) [66]. The X-ray diffraction spectrum which could 
analyze the crystals is shown in Fig. The strongest diffraction intensity was 
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Fig. 3.12 Raman spectra of crystals of different morphology. (a) Raman spectrum of a needlelike 
aragonite crystal formed with p10 which determine polymorph. Characteristic Raman spectrum of 
aragonite is 206, 703, and 1085 cm’. (b) Raman spectrum of a rhombohedral calcite crystal. 
Characteristic Raman peaks for calcite are at 282, 712, and 1086 cm! 


the calcite (104) and the calcite (208) was the next strongest for all the crystal 
samples. The diffraction intensity of aragonite (022) could only be detected in the 
crystals grown with plO (Fig. 3.13c) which suggest that p10 could induce the 
aragonite formation. 
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Fig. 3.13 X-ray diffraction pattern of the calcium carbonate crystals formed on the glass surface (a) 
without any protein, with (b) BSA, or (c) with p10 
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3.4.2.4 Effects of p10 on Cell Proliferation and Differentiation [64] 


Nacre matrix was thought to contain osteogenic signal molecules, so two cell 
types including MC3T3-E1 (a preosteoblast cell line) and MRC-5 (a fibroblast 
cell line) which has the ability to differentiate into osteoblasts were used to 
investigate the biological activity of the p10. ALP activity was measured to 
estimate differentiation ability of the cells. ALP was expressed in the early 
stage of osteoblast development process and is regarded as an accepted indicator 
of osteoblast differentiation. High ALP activity is generally deemed as the first 
marker of osteoblast maturation [67] [68]. The effects of p10 on ALP activity in 
both cell types were concentration-dependent (Fig. 3.14a). The ALP activities of 
MRC-5 cells increase intensively (p < 0.01) at dosage of 5 and 10 pg/ml of p10, 
but higher p10 concentrations (30 and 50 pg/ml) did not increase the ALP activity 
of MRC-5. The effects of p10 on ALP activity in MC3T3-E1 cells were slightly 
different from those in MRC-5 cells. A concentration of 5 ug/ml of p10 had no 
significant effect on ALP activity (p = 0.44), whereas higher dosage of p10 led to 
ALP activity increasing significantly (p < 0.01), and the maximum effects are 
achieved at a dosage of 50 ug/ml. The increase of ALP activity of these two cell 
types indicated that p10 could affect the differentiation course of fibroblasts and 
preosteoblasts during bone formation. 

MTT assay, an enzymatic activity test based on quantification of activity of the 
mitochondrial dehydrogenase [69], was used to display the effects of p10 on cell 
viability (Fig. 3.14b). In both cell types, MTT response increased signally 
(p < 0.01) with the dosages of p10 changed and achieved maximum influence at 
a dosage of 50 pg/ml of p10. It appeared that p10 could heighten the viability of the 
both types of cells. The MTT mitochondrial test could provide universal measure 
of the number of viable cells and of their mitochondrial activity in vitro; cellular 
metabolic viability can even be detected in the absence of cell proliferation 
[69]. To know whether the increasement in the MTT response was the effect of 
the activation of cell metabolism or cell proliferation, we compared the results data 
of MTT assay with the data of total protein content in ALP activity assay 
(Fig. 3.14c). The total concentrations of p10 and total protein contents of both 
cell types were not significantly different from control group (p > 0.05) except the 
concentration at 50 ug/ml of p10 in MRC-5 cells (p = 0.008), which shown that 
the total protein content increased slightly with p10. Thus, this response of MTT 
would be on account of the metabolism activity increase of viable cells but not to 
an increase of cell number. Therefore, we assumed that p10 does not affect the 
proliferation process but only the differentiation process. 
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Fig. 3.14 Influence of p10 on (a) ALP activity, (b) MTT response, and (c) all protein content in 
MRC-5 cells (—m—) and MC3T3-E]1 cells (----O----) which were treated with different dosages of 
p10 for 7 days. Results are recorded as the mean T SD for six wells 
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3.4.3 N40, a Novel Nonacidic Matrix Protein from Pearl 
Oyster Nacre, Facilitates Nucleation of Aragonite In 
Vitro 


A novel nonacidic matrix protein extracted from pearl oyster nacreous layer has been 
purified through cation-exchange chromatography. It was named as N40 for the 
nacre protein of about 40 kDa [12]. According to the extraction method (solution 
with Tris-buffered Milli-Q water) and amino acid component (Gly- and Ala-rich), 
N40 was thought to be a traditional “insoluble matrix protein.” Crystallization assays 
showed that N40 could stimulate the nucleation of aragonite drastically. Until now, 
among the macromolecules that have been identified from the shells of Pinctada 
fucata, N40 is a novel protein that can induce aragonite nucleation by itself, with no 
need of adsorption to a substrate. Therefore, the present study suggests that the 
nonacidic shell protein (possible a traditional “insoluble framework protein”) can 
also directly take part in aragonite nucleation and even serve as a nucleation site. It is 
an important supplement to the classic biomineralization theory before, in which 
only the soluble acidic proteins of the shell are generally thought to function as a 
nucleation site. 


3.4.3.1 N40 Protein Purification and Partial Characterization 


The total nacre proteins were loaded into a CM-Sepharose fast flow column, and the 
N40-containing fractions were selected (Fig. 3.15). The purified N40 was subjected 
by SDS-PAGE with CBB R-250 and silver staining. As shown in Fig. 3.16 (lanes 
2 and 3), only one band with molecular mass of 40 kDa was visualized on the gels. 
The identification by MALDI-TOF MS showed that the accurate molecule mass of 
the protein (N40) was 38.3 kDa (Fig. 3.17) subsequently. The analysis result of 
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Table 3.4 Amino acid analysis of N40 composition 


Amino acid Amino acid | Concn, mol % 
Asx Leu 6.27 
GIx 1.84 
Gly 6.28 
Ala Lys 6.60 
Thr ag [a55 


amino acid composition is presented in Table 3.4. The results show that the 
percentage of basic residues (Lys and Arg) and acidic residues (Asx and Glx) 
were 11.2 and 9.6 mol %, respectively. In addition, we also noted that N40 is rich 
in Ala and Gly (26.6 mol %) [12]. 
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Fig. 3.18 SEM images of in vitro crystallization assays with addition of N40. Crystals were formed 
with 30 ug/ml BSA (a), 10 pg/ml N40 (b), 20 ug/ml N40 (d), and 30 ug/ml N40 (f). The black 
arrows in (d) show that the calcite crystals retained in the solution. (c), (e), and (g) are amplified 
images of the boxed part in images (b), (d), and (f), respectively. Scale bars: a/c/f, 20 um; b, 
100 um; d, 50 um; e, 5 um; g, 2 um 


3.4.3.2 The Effect of N40 on Aragonite Growth 


To investigate the effect of N40 on the crystal growth, in vitro crystallization 
experiments were conducted, and the precipitated crystals were examined using 


SEM and Raman spectrum. As shown in Fig. , N40 could induce aragonite 
crystals, while the crystals of the control group in the absence of protein (data not 
shown) or in the presence of BSA (Fig. ) were all the typical calcite of 


rhombohedra. In the presence of 10 pg/ml N40, some aragonites (about 30%) 
appeared together with calcite (Fig. ). When a higher dosage (20 pg/ml) of 
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N40 was present, the aragonite crystals turned into dominant (about 80%) in the 
whole crystallization solution (Fig. 3.18d). The N40 protein displayed its maximal 
influence on the crystal polymorph at a dosage of 30 pg/mL, where there was total 
aragonite observed in the crystallization solution, and the induced crystals were 
shown to have no calcite (Fig. 3.18f) [12]. 


3.4.3.3 The Effect of N40 on Polymorph Determination 


To investigate the polymorph of the induced crystals in the crystallization solution, 
the Raman spectrum was used to characterize the induced crystals. As shown in 
Fig. 3.19, the aragonites induced in the presence of N40 were validated (upper 
panel), while the crystals grown in the control experiments were shown to be calcite 
(lower panel). Because Raman spectra can only identify the single crystals on the 
cover glass, it is difficult to reveal the characteristic of whole crystals in the 
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Fig. 3.19 Raman spectra of the crystals formed in the crystallization solution. The aragonite 
(induced with addition of N40) and calcite (control experiments with no protein) were confirmed 
with the characteristic peaks of aragonite at 207, 706, and 1085 cm’! and of calcite at 281, 712, and 
1086 cm! 
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crystallization solution, so we collected the crystals grown on the cover glass and 
characterized them by FTIR. The crystals induced by N40 at a concentration of 
30 ug/ml demonstrated the characteristic peaks of aragonite (Fig. 3.20a) in the FTIR 
spectra which indicates the crystals induced with 30 ug/ml N40 were all aragonite, 
while the crystals in the control group displayed the typical peaks of calcite in the 
spectra (Fig. 3.20c). In the presence of N40 at a dosage of 10 ug/ml, there shown 
characteristic peaks of calcite (Fig. 3.20b, indicated by circles) and aragonite 
(Fig. 3.20b, indicated by stars) simultaneously. 


3.4.4 Novel Basic Protein, PfN23, Functions as Key 
Macromolecule During Nacre Formation 


The excellent microstructure of nacreous layer (mother of pearl) indicates the beauty 
of nature. Proteins exist in nacre were thought to be “natural hands” that could 
regulate nacre formation. In the classical theory of nacre formation, nucleation of the 
main minerals of nacre, calcium carbonate, is induced by the acidic proteins in 
nacreous layer. Whereas, the basic proteins were not involved to be components of 
nacre. Herein, we found that a novel basic protein, named as PfN23, was a crucial 
accelerator in the regulation over crystal growth in nacre [14]. The expression 
location, in situ immunostaining, and in vitro immunodetection assays suggested 
that PfN23 distributed within calcium carbonate crystals of the nacre. The expression 
of PfN23 was knocked down in adults via double-stranded RNA injection, resulting 
in a disordered nacreous layer surface in adults. Inhibiting the translation of PfN23 in 
embryos by morpholino oligomers generated the arrest of larval development. The 
in vitro crystallization experiment showed that PfN23 stimulates the rate of calcium 
carbonate precipitation and induced the aragonite crystals formation with character- 
istics similar to nacre. What’s more, we constructed the expression vectors of 
peptides and truncations of different regions of this protein and discovered that the 
positively charged C-terminal region was a crucial region for the function of PfN23. 
All in all, the basic protein PfN23 might be a key accelerator during the regulation of 
crystal growth in nacre. This present study provides a valuable balance to the classic 
theory that only acidic proteins could control calcium carbonate deposition in nacre. 


3.4.4.1 Purification and Bioinformatics Analyses of PfN23 


According to the expression sequence tag in the suppression subtractive hybridiza- 
tion library from the D-shaped stage [70] in Pinctada. fucata, we acquired a 1220 bp 
transcript with a 5'-untranslated region of 77 bp, an open reading frame of 702 bp 
which encodes a deduced 233 amino acids protein, and a 518 bp 3’-untranslated 
region (GenBank ™ accession number JN995665). The deduced mature protein had 
a predicted molecular mass of 23.4 kDa, and it was called as Pf{N23. A BLASTx 
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Fig. 3.20 FTIR spectra of the crystals grown on the silicified cover glass in crystallization assays. 
The crystals were induced with addition of N40 at dosage of 30 ug/ml (a, dominated as aragonite), 
10 ug/ml BSA (b, compound of calcite and aragonite), and 30 ug/ml BSA (c, control experiment, 
confirmed as calcite). The characteristic peaks of calcite (pointed by circles) are at 876 and 714 cm 
-l and that of aragonite (shown by stars) are at 1082, 862, 714, and 700 cm~! 
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Fig. 3.21 Translated amino acid sequences and bioinformatics analysis of Pf{N23. (a) The amino 
acid sequence of Pf{N23 was aligned with another protein named as mantle gene 8. The predicted 
signal peptide in N-terminal is marked by overbar. (b) Functional regions of Pf{N23 showing the 
putative signal sequence, a disordered region, a negatively charged and hydrophilic domain, and a 
basic tail in C-terminal 


search against the GenBank’™ database shown that Pf{N23 was similar with mantle 
gene 8 of Pinctada fucata, and there were no homologous genes in other species 
(Fig. 3.21a). However, mantle gene 8 had not been previously identified before, so 
the function of Pf{N23 was still unclear. The sequence analyses showed that Pf{N23 is 
a basic protein with a predicted isoelectric point of 11.17. Pf{N23 was rich in 
positively charged residues (Arg + Lys, 19.8%) and Ser (22.2%), and it was 
predicted to have a signal peptide, a disordered region, a hydrophilic and negatively 
charged region, and a C-terminal basic region (Fig. 3.21b) [14]. 


3.4.4.2 Detection of PfN23 in the Shell 


The specific expression location of PfN23 was tested in different P. fucata target 
tissues using qRT-PCR (Fig. 3.22a). PfN23 expression location was found to be 
specific to the mantle pallial which is related to the nacreous aragonite layer 
formation, while it was not detected in the mantle edge which corresponded to the 
prismatic calcite layer. Biochemical analyses were performed to explore whether 
native PfN23 exists in either the prismatic layer and/or the nacreous layer. Poly- 
clonal antibodies raised against recombinant PfN23 were used to detect native 
PfN23 in ESM and EISM of shell using an ELISA. PfN23 was found in the ESM 
of the shell that is known to be crucial for calcium carbonate formation (data not 
shown). To further investigate the presence of PfN23 in different shell layers, EDTA 
extracts of the prismatic and nacreous layers were subjected into SDS-PAGE 
followed by Western blotting. PfN23 was detected exclusively in the ESM fractions 
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Fig. 3.22 Detection of native Pf{N23 in Pinctada fucata. (a) Gene expression of Pf{N23 in different 
tissues by RT-PCR analysis. Total RNA was extracted from different tissues including mantle edge 
(ME), mantle pallial (MP), gonad (Gon), foot, viscus (Vis), hemocytes (Hem), and adductor muscle 
(Mus) and was prepared for RT-PCR. RT-PCR with no template was used as a negative control 
group (control). The housekeeping gene GAPDH was detected as a positive control. (b-—e), 
Observation of native PfN23 in shells by immunogold staining on the nacre surface. (b), SEM 
image of immunogold staining on the nacreous layer surface. (d), SEM image of the nacreous layer 
surface in control group. (c and e), Images of backscattered electron mode scanning electron 
microscope (SE-BSE) of the same region shown in (b and d), respectively [14] 


of the nacre (data not shown). In the control experiment, no signal was observed 
when anti-PfN23 antibody was not used. The immunodetection assay results con- 
firmed the gene expression analyses that PfN23 expression is located in nacreous 
layer. To further analyze the microstructural distribution of native PfN23 in the shell, 
the nacreous and prismatic layers were immunogold-labeled using anti-Pf{N23 
antibody as the primary antibody and 15 nm diameter gold-labeled antibody as the 
secondary antibody. High atomic number gold elements could be scanned in the 
backscattered electron mode using scanning electron microscope. PfN23 was 
observed on the whole surface of the nacreous layer equally (Fig. ). In the 
control group, no staining was found when anti-Pf{N23 antibodies were not used 


(Fig. ). 
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3.4.4.3 In Vivo Function of PfN23 During Nacre Formation 


To further investigate the role of PfN23 in nacre formation, morpholino soaking 
assays and a combination of RNAi were conducted. Designed dsRNA of PfN23 was 
injected into the adductor muscle of P. fucata to explore the effects of PfN23 on the 
nacre formation in adults. Compared with the PBS-injected group, the PfN23 RNA 
expression levels decreased ~50% in the 40 ug-injected group and 70% in the 80 ug- 
injected group. At the same time, the expression level of PfN23 was invariable in the 
GFP dsRNA-injected groups as a control (Fig. 3.23a). We also tested the expression 
levels of other matrix proteins like Aspein, N19, Prismalin-14, Pearlin, and Prisilkin- 
39. The expression of these matrix proteins was also not affected by the injection of 
PfN23 dsRNA (data not shown). The surface structure of the nacreous layer from 
each injected group was explored using SEM. In the GFP dsRNA-injected group, the 
surface of the nacreous layer showed a normal stair-like growth pattern (Fig. 3.23b). 
Small flat tablets could be seen clearly on the surface (Fig. 3.23c, arrowhead). In the 
PfN23 dsRNA low dosage-injected group (40 g), the surface also had a natural stair- 
like growth pattern (Fig. 3.23d). However, the aragonite tablets were covered with 
excessive accumulated crystals (Fig. 3.23e, arrowhead). The deposited crystals did 
not form the characteristic rectangular or hexagonal flat tablets. In the high- 
concentration (80 ug) dsRNA-injected group, this abnormal phenomenon was 
more remarkable (data not shown). However, the morphology of the prismatic layers 
had no change in the GFP and PfN23 dsRNA-injected groups (data not shown). The 
gene was expressed in the D-shaped stage of development particularly, so the 
function of PfN23 was identifed using morpholinos. We designed two 
translational-blocking morpholinos to block the translation process of PfN23 
(Fig. 3.24a), called morpholino A (Mo A) and morpholino B (Mo B). A random 
morpholino (Mo R) was designed as a negative control. The embryos of two-cell to 
four-cell stage were immersed with 5 or 10 M morpholinos to inhibit the translation 
of Pf{N23 [14].We executed a Western blotting 32 h after treatment to detect Pf{N23 
expression. As Fig. 3.24b had shown, the expression of Pf{N23 had no change when 
the Mo R or Mo A was used compared with untreated groups. In contrast, Mo B 
could decrease the expression level of PfN23, and few proteins were observed in the 
10 uM-treated group. Larvae from all the groups could grow to the trochophore stage 
within 10 h. The larvae in the untreated, Mo A-treated, and Mo R-treated groups 
could grow to the D-shaped stage, resulting in a capital D-like morphology after 32 h 
(Fig. 3.24c). However, in the Mo B-treated groups, the development of major larvae 
was inhibited. In addition, there is no shell on the arrested larvae (Fig. 3.24c). In the 
Mo R or Mo A groups, major larvae (~80%) could develop to the D-shaped stage. 
However, when treated with 5 uM Mo B, only 29.8% (187/628) of larvae grew to the 
D-shaped stage, whereas 53.8% (338/628) of larvae were stopped before they were 
covered with shells. Compared with the SuM treatment, fewer larvae (2.4%, 12/509) 
grew to the D-shaped stage, while more larvae (74.9%, 381/509) were inhibited in 
the 10 uM Mo B-treated groups (Fig. 3.24d). 
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Fig. 3.23 Functions of PfN23 on the nacreous layer growth. (a), Expression levels of PfN23 were 
depressed by RNAi. In the control group, the relative expression levels of the PBS-injected groups 
were recorded to a relative value of 1.0. The star indicates a significant (p < 0.001) difference 
compared between RNAi groups the PBS-injected groups. (b), SEM image of shell surface of GFP 
dsRNA-injected group representing the stair-like growth pattern. (d), SEM image of the 40 pg of 
Pf£{N23 dsRNA-injected group. The construct of nacre tablet was disturbed. (c and e), Enlargement 
of the box indicated in (b and d), respectively. Arrowheads point the flat tablets on the surface of 
nacreous layer 
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Fig. 3.24 Degradation of PfN23 using antisense morpholino oligomers. (a), Positions of the 
designed antisense morpholino oligomers and the ATG initiation codon are labeled as red. (b), 
Western blot analysis with anti-Pf{N23 antibody representing that Mo B blocked the translation of 
PfN23 mRNA. B-Actin was detected as a loading control. (c), Phenotypes of morpholino oligomer- 
treated larvae 32 h after fertilization. The samples were observed under white polarized light to 
identify the formation of shells. (d), Frequency of the phenotypes obtained with different dosages of 
Mo. The number shows the number of all analyzed embryos. Mo R, random morpholino oligomers; 
Mo A, morpholino A; Mo B, morpholino B 
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Fig. 3.25 Functions of Pf{N23 during calcium carbonate crystallization. (a), Accelerative activity 
of Pf{N23 on calcium carbonate precipitation. W, BSA (10 pg/ml) was used as a negative control; @, 
2 pg/ml PfN23;4, 5 pg/ml PfN23;2, 10 pg/ml Pf{N23 was shown. (b—e) Functions of Pf{N23 on the 


3.4 Shell Matrix Protein from Nacre Layer 295 


3.4.4.4 In Vitro Effect of PfN23 in Calcium Carbonate Crystallization 


To further investigate the function of PfN23 during calcium carbonate crystalliza- 
tion, we detected its binding ability with the main component of shell including 
calcite, aragonite, and chitin and found that PfN23 could bind to aragonite and 
calcite (data not shown). We then tested its effect in calcium carbonate crystalliza- 
tion. A series of precipitation experiments was also conducted to identify the effect 
of PfN23 on the calcium carbonate precipitation rate. Compared with the control, 
PfN23 could increase the precipitation rate, and this effect occurred in a dosage- 
dependent manner (Fig. 3.25a). To explore the effect of PfN23 on the calcium 
carbonate crystals growth, crystallization experiments in vitro with or without 
magnesium were performed. The effect of PfN23 on the growth of calcite was 
analyzed in the magnesium-free system. The precipitated crystals were all represen- 
tative rhombohedra of calcite in the control group with BSA, while PfN23 could 
induce the formation of vaterite in the magnesium-free system. The percentages of 
the vaterite crystals in the deposited crystals were about 25% with 10 ug/ml PfN23, 
44% with 30 ug/ml PfN23, and 65% with 50 ug/ml PfN23, respectively (data not 
shown). Magnesium was introduced to the crystallization system to induce the 
formation of aragonite which is the composition of the nacreous layer. Compared 
with calcite crystallization system, different dosage of PfN23 had little effect on 
aragonite formation. Even with a high dosage of 50 ug/ml, the typical aragonite 
crystals of a normal needle-shaped morphology were deposited (data not shown). 
According to the crystallization models, aragonite is formed in a silk gel phase in the 
nacre. As PfN23 is a protein in the ESM of the shell, these findings suggested that the 
functionality of Pf{N23 requires a silk gel. We tested this hypothesis by conducting 
the crystallization in vitro on a silk film. In the presence of 50 pg/ml BSA, there is 
typical calcite crystals deposited on the film (Fig. 3.25b, c) which were confirmed to 
be calcite using Raman spectra (Fig. 3.25¢). However, these crystals were smaller 
(~2 ym), and they had rounder edges comparing with the crystals (~10 um) formed 
without the silk film (data not shown). With 50 pg/ml of Pf{N23, the deposited 
crystals amalgamated to form tablets that were similar to the microstructure of nacre 
instead of separate particles (Fig. 3.25D). What’s more, these tablets were formed by 
small sheets of crystals (Fig. 3.25e, f). The Raman spectra found that these crystals 
were all aragonite (Fig. 3.25h). These results showed that Pf{N23 could induce the 
formation of aragonite tablets in the silk gel. 


c>," 


Fig. 3.25 (continued) crystals growth were conducted on the silk film. (b) 50 pg/ml BSA was used 
as a negative control. (d), The system with 50 ug/ml PfN23. (c, e, and f), SEM images of the 
amplification of the box in (b), (d), and (e), respectively. (g) and (h), Raman spectra analysis of the 
crystals collected in (b) and (d), respectively. Scale bars, 50 um in d, 10 um in b, 2 um in c and e, 
and 500 nm in F [14] 
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3.4.4.5 Functions of Different Regions of P£{N23 


We constructed peptides and truncations of the predicted disordered domain (Pep- 
tide, Pep-N; mutation, AN), hydrophilic and negatively charged domain (Peptide, 
Pep-M; mutation, AM), and C-terminal basic region (peptide, Pep-C; mutation, AC) 
to explore the function of these regions (Fig. 3.26a). The Pep-M and Pep-N had little 
effect on the morphology of the formed crystals in the in vitro crystallization 
experiments (data not shown). What is notable is that the Pep-N could inhibit 
calcium carbonate crystals growth, and Pep-M had little effect of calcium carbonate 
crystals growth rate (Fig. 3.26b). The peptide of C-terminal basic region (Pep-C) 
could induce the formation of vaterite and promote the growth of calcite comparing 
with Pep-M and Pep-N (Fig. 3.26b, d, e). The proportion of the round-shaped 
vaterite in the formed crystals were around 27% with 10 pg/ml Pep-C, 35% with 
30 pg/ml Pep-C, and 44% with 50 pg/ml Pep-C. This peptide could induce the 
formation of small hexagonal vaterite crystals without connection in silk gel 
(Fig. 3.26f, g). What’s more, these crystals were quite similar to those crystals that 
deposited with the predicted disordered region or negatively charged or hydrophilic 
region truncations (data not shown). The protein could not induce vaterite formation 
or promote the crystallization without basic region (Fig. 3.26c, h, 1). The crystals 
formed with AC (Fig. 3.26h, i) were similar to those formed with AN without silk 
film (data not shown). The basic region truncation had little effect on the crystal 
deposition even with silk gel (Fig. 3.26), k). All in all, this positively charged region 
is suggested to be a crucial region for the function of Pf{N23, and the other regions 
are also obbligato to achieve the full function of Pf{N23. 


3.5 Shell Matrix Protein from Prismatic Layer 


3.5.1 A Novel Matrix Protein Family Participating 
in the Prismatic Layer Framework Formation of Pearl 
Oyster, Pinctada fucata 


Figuring out the molecular component and the formation mechanism of shells matrix 
framework is of great use for biomineralization in mollusk shell. The cDNAs 
sequence encoding a novel matrix protein family, KRMP, was cloned from the 
mantle tissue of pearl oyster, Pinctada fucata. Analysis of the putative amino acid 
sequences suggested that KRMP is rich in lysine, glycine, and tyrosine, and the 
predicted isoelectric points of KRMPs are larger than any other identified shell 
matrix protein. The translated amino acid sequences of KRMP can be separated 
into three regions, including an N-terminal signal peptide, a lysine-rich basic domain 
which could interact with acidic proteins or CO3~, and a Gly/Tyr-rich region which 
is thought to be involved in the protein cross-link by quinone-tanning process [9]. 
RT-PCR and in situ hybridization indicated that KRMP mRNA was highly 
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Fig. 3.26 Functions study of different domains of Pf{N23. (a), Schematic representation of peptides 
and truncations. Numbers mean the position of amino acid. (b and c), Accelerative activities of 
truncations and peptides on calcium carbonate precipitation. Records of the turbidity during the 
assayed solutions are shown. (b), Effects of peptides. W, 10 pg/ml Pep-N; @, 10 pg/ml Pep-M; a, 
10 ug/ml Pep-C was present; 2, 10 ug/ml BSA was added as negative control. (c), Functions of 
truncations. W, 10 ug/ml AN; @, 10 pg/ml AM; A, 10 ug/ml AC was present; B, 10 ug/ml BSA was 
added as negative control. (d—k), In vitro crystallization assays in the presence of peptides and 
truncations. 10 g/ml Pep-C was studied with (f) or without (d) the silk film. 10 pg/ml AC was 
studied with (j) or without (h) the silk film. e, g, i, and k, Amplification of boxes in d, f, h, and j, 
respectively 
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expressed in the mantle edge which was thought to participate in the prismatic layer 
formation. Taken together, it is reasonable that KRMP is a matrix protein family 
playing roles in the framework formation of prism. 


3.5.1.1 Identification of the Full-Length cDNA of KRMP 


A 263 bp cDNA product was obtained by the 5’-RACE with degenerate primer 
YD5P. Sequencing analyses indicated that the primer YD5P anneal with a kinder 
different sequence of cDNA through the 5’-RACE procedure subsequently. The 
primer YDS5P encoding GGYGGF/L did not match in four nucleotide positions, 
besides the corresponding sequence of cDNA turned out to be translated to be 
GGYGPG. Based on the sequence, a gene-specific primer FSP was also synthesized 
and the 3’ cDNA was obtained by 3’-RACE procedure. Three different cDNA clones 
were detected from the PCR product. To confirm the sequence obtained from 
3'-RACE, full amplification of the full-length cDNA was performed with the 
P. fucata mantle cDNA library as a template. All three cDNA clones were acquired 
again, which matched well the sequence obtained from the results of 3’-RACE. 

As shown in Fig. 3.27, full-length cDNA sequences of these three clones include 
the 500 bp poly(A) tail. Each of the cDNA sequences includes an open reading frame 
encoding 98 or 101 amino acids. The open reading frames start with the ATG as start 
codon at the nucleotide position 40. These cDNA sequences have been submitted to 
GenBank and have the accession nos. DQ114788, DQ114789, and DQ114790, 
respectively [9]. 


3.5.1.2. Amino Acid Sequences of KRMP 


The location of signal peptide cleavage site was analyzed using hidden Markov 
models and neural networks trained on eukaryotes supported by CBS prediction 
servers. Both the methods predicted that the first 20 amino acids of the predicted 
amino acid sequences of all the three cDNA clones include a signal peptide. These 
predicted signal peptides share resemblance with the signal peptides of MSI7 [71] 
and MSI31 [6]; two matrix proteins are both involved in the prism framework 
formation of P. fucata, besides Aspein [10] and Asprich family [72] which are 
unusually acidic matrix proteins of prism of P. fucata and Atrina rigida. Thus, these 
three cDNA clones are deemed to encode three different matrix proteins, which 
compose a protein family. As three matrix proteins are all rich in lysine (Table 3.5), 
they are named as KRMP (lysine (K)-rich matrix protein). KRMP are also rich in 
glycine and tyrosine residues besides lysine residues (Table 3.5), which were also 
found to have high property in the crude matrix proteins from the prism of P. fucata. 
The isoelectric point of mature KRMP which excludes the putative signal peptides is 
predicted between 9.5 and 9.8; it is the most basic matrix protein among all the 
entirely sequenced molluscan shell proteins known before [5—8, 10, 71-83]. The 
most basic shell matrix protein studied before is N66 that had an isoelectric point of 
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KRMP-1: 

I ACTTGACTCCACCGATATTTTTGAAATATACGGTTCAGA 

40 ATGAAGTTOGOOOOCTOTTTTGGCOGTITTTCCTCCTACTTGOGAGCATTOGGTGOCGATGOGATACTGGOCATAAACCTAATCTGAATATCTGC 
I MU K FAAYVLAVFLLLGOAF GAD GOYTHEPNLNIC 
130  TGGTGCGAAGCTGAAGTGGTGOCTGAAGAAATGTCATCOCTGGGATTGGAAATGCAAAAAGAAATGTTATTGGAAGTATAAATGGTGCCTT 
3l TWkKLEKWFe CL KK COW PP De EK OC OK KOK CC OY SO WK Y¥Y KOOP EO OL 
220 CATAAATTTGGTGGACATTATCCGTATGGIGGTTATGGCGCOGGATCCAGTGGTGGATACGGATATGGTGACGACGATTACACGTCTGGT 
6] HK FGGHYPYGoGYG6G<AGSs S$ G&YG*Y¥YGoOODDYtTSs$s G 
310 «=69GGATAQGGATATGGTCATCGTAAATACAAATACTAAACACAATGTTACAGATOCAGGAACCTTCAGCAACTAGAAGCATTCAATAGACAA 
gi G YY G*Y¥GU’RE Y KY ‘#® 

400 AATAATTATGATAGTATTCCATTATCAGCAATCCTTTGTAAAATCATTTTTGTTIGAACATGATTAAATATACTCAGTGACAAAAAAAAAA 
490 AAAAAA 


KRMP-2: 
l ACTTGACTCCACCGATATTTTTGAAATATACGGTTTAGA 

40  ATGAAGTTCGCCGCTGTTTTGGCOGTTTTOCTCCTACTTGGAGCATTCGGTGCCGATGGATACTGGCATAAACCTAATCTGAATATCTGC 
l MKFAAVLAVFLLLGAFGAODG)YWHKPNLNIC 
130  TGGTGGAAGCTGAAGTGGTGCCTGAAGAAATGTCATCCCTGGGATTGGAAATGCAAAAAGAAATGTTATIGGAAGTATAAATGGTGCCTT 
31 TRPRKLEWCLEECHPEDSWYCKCKEEECTWQWEVE PC Lt 
220 CATAAATTTGGTGGGCATTATCCGTATGG1OG1 TATGGCOCUGGATCCAGTGGTGGATACGGATATGGTGACGACGATTACACGTCTGGT 
61 HKRFGGHYPYGGOYGPGSSGOGYGYGDODODYTSG 
310  GGATACGGATATGGTCATCGTAAATACAAATACTAAACACAGTGTTACAGATCCAGGAACCTTCATCAACTAGAAGCATTCAGTGGACAA 
91 GYGYGHRKEYKY* 

400 AATTATTTTGATAGTATTCCATTATAAGCAATTCTTIGTAAAATCACTITIGTIGAACATGATTAAATATACTCAGTGACAAAAAAAAAA 
490 AAAA 


KRMP-3: 

l ACTTGACTCCACOGATATTTTTGAAATCTACGGTTTAGA 

40 ATGAAGTTCGCCGCTGTTTTGGCOGTTTTCCTCCTCCTTGGAGCATTCAGTGCAGATGGAATCTGGCATAAGCCTAATCTGAATATCTGC 
l MK FAAVYLAVFLLLGAFSAODGJIWHKPNLNIC 
130 §=©TGGTGGAAGCTGAAGTGGTGCCTCAAGAAATGTCACCCTTGGGATTGGAAATGCAAAAAGAAATGTTTTTGGAAGTATAAATGGTGCCTT 
31 TWPKLK POL KK CHPPDAhR OK KK CF WPK ¥Y K PCL 
220 AAGAAATTTOGTGGACATTTTCOCGTATGG TOCAGGATCCAGTGGTGGATATGGATTOGATGGATATGGTGGCGATGATTACAACTT TGGC 
61 KKFGGHFPYGPGSSGGYGFODGYGC6ODODY NF G 
310 TATGGTCATCGTAAATACAAATATTAAACACATTGTTACAGATCCAGAAACCGTCATCAACTAGAAACATTCAATGGACAAAATTAATTT 
91 ¥GHEKAY & Y * 

400 GGATAGTATTCTTATATCAGCAATCCATCCTTTGIAAAATCATTTTIGITIGAACATGATTAAATTCATACTCAAAAAAAAAAAAAAAAAA 


Fig. 3.27 The cDNA sequence and putative amino acid sequence of the KRMP-1, KRMP-2, and 
KRMP-3 of the pearl oyster, P. fucata. Brackets indicate the predicted signal peptide. The stop 
codon is marked with an asterisk. The nucleotides shaded are the sequence that degenerate primer 
YDS5P annealed to. These cDNA sequences have been uploaded to GenBank (Accession Nos. 
DQ114788, DQ114789, and DQ114790) 


8.68 [77]. Further motif analyses indicated that no potential O- or N-glycosylation sites 
were found in the deduced sequence. Sequence alignment showed that the deduced 
amino acid sequence of KRMP-2 and KRMP-1! had no difference except for residue 
74, and the KRMP-3 showed more than 80% amino acid sequence identical with 
KRMP-1 (or KRMP-2) (Fig. 3.28a). These sequences can be divided into three regions, 
including the C-terminal Gly/ Tyr-rich region, the lysine-rich basic region, and the 
N-terminal signal peptide (Fig. 3.28). Homology search was carried out against all the 
protein sequences in GenBank with the BLAST program. The sequences of Gly/Tyr- 
rich region showed some resemblance with the GGY cuticle protein 1 of B. mori 
(accession no. BAB62815) and the cement protein Pc-1 from P. californica (accession 
no. AAY29115). These proteins are all quinone-tanned proteins involved in the forma- 
tion of the insoluble extracellular structure like the cuticle [84] and the mineralized 
tube [85]. 
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Table 3.5 Amino acid component of KRMP [9] 


Amino acid KRMP-2 KRMP-2 

mol 
Ala i pz Jo fi 
Cys 6 74st 6 _ [m _ j6 |79 
Asp 5.13 
Glu ojo Jo _ o [@ [o 
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MET ojo O O 0 
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Pro 5.13 
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Arg 1.28 
Ser 2.56 
Thr a pz a u3 fo _ [0 
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Fig. 3.28 (a) Alignment of the putative amino acid sequences of KRMP family. Arrowheads point 
the borders between the different regions in (b). (b) Schematic representation of the three regions 
of KRMP 


3.5.1.3 Gene Expression Analyses of KRMP [9] 


To explore the functions of KRMP in vivo, gene expressions of KRMP and other 
three known matrix proteins of P. fucata as positive control (MSI31 [6], MSI60 [6], 
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Fig. 3.29 RT-PCR analysis of KRMP and some other gene expressions of shell matrix proteins in 
P. fucata. Lane 1, the mantle edge; lane 2, the mantle pallial; lane 3, foot; lane 4, gill; lane 5, gonad; 
lane 6, digestive gland; lane 7, adductor muscle; lane 8, hemocytes; and lane 9, negative control. 
The housekeeping gene B-actin was detected as a positive control 
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and MSI7 [71]) were examined by qRT-PCR in different tissues with specific 
primers (kmpF and kmpR). Samples of total RNA from different tissues were 
prepared separately from the mantle pallial, the mantle edge, foot, gonad, gill, 
digestive gland, hemocytes, and adductor muscle tissues from P. fucata. The results 
showed that KRMP transcript was exclusively expressed in the mantle edge, which 
is related to the formation of the periostracum and the prismatic layer of the shell 
(Fig. 3.29). Similarly, mRNA of MSI31which is rich in Gly of the prismatic layer 
was expressed in the mantle edge exclusively, while mRNA of MSI60 which is a 
framework protein of the nacreous layer was expressed exclusively in the mantle 
pallial, and the mRNA of MSI7 was expressed in both the pallial and the edge of the 
mantle tissue. Experiments were repeated twice with similar results. It suggested that 
KRMP only participate in the formation of periostracum and/or the prismatic layer 
matrix. 

To investigate the more precise expression location of KRMP in the mantle edge 
of P. fucata, hybridization in situ was performed using frozen sections of the mantle 
(Fig. 3.30). Strong hybridization signals of KRMP mRNA were observed in the 
inner epithelial cells from the outer fold and weaker signals were found in the outer 
epithelial cells from the outer fold. No hybridization signal was observed in the 
middle and inner fold. Hybridization with a negative control sense probe showed no 
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significant signals. This result suggested that the expression of KRMP mRNA was 
similar to that of Prismalin-14 partially [8], indicating that KRMP is a prismatic layer 
matrix protein family. 


3.5.2 Dual Roles of the Lysine-Rich Matrix Protein (KRMP)- 
3 in Shell Formation of Pearl Oyster, Pinctada fucata 


Matrix proteins play crucial roles in shell formation. Our group firstly cloned three 
cDNAs encoding lysine-rich matrix protein from pearl oyster, Pinctada fucata in 
2006. Whereas, the functions of KRMPs are still not fully understood. What’s more, 
KRMPs possess two functional domains, the basic domain and the Gly/Tyr domain. 
According to the modular organization, the functions of their two domains were 
poorly characterized. Moreover, KRMPs were then found in other two species, 
P. maxima and P. margaritifera, which suggested that KRMPs might be crucial 
for shell formation. In this research, the function and characterization of KRMP-3 
[58] and the two functional domains were studied in vitro by purification of 
recombinant glutathione S-transferase (GST) tagged KRMP-3 and another two 
KRMP-3 deletion mutants. Western blot and immunofluorescence indicated that 
the native KRMP-3 existed in the EDTA-insoluble matrix composition of the 
prismatic layer and distributed in both of the organic sheet and the prismatic sheath. 
Recombinant KRMP-3 (rKRMP-3) could bind tightly to chitin and this binding 
capacity was relevant with the Gly/Tyr-rich region. rKRMP-3 could repress the 
CaCO; precipitation, influence the crystal morphology of calcite, and inhibit the 
aragonite growth in vitro, which was almost entirely due to the lysine-rich region. 
The results show direct evidence of the roles of KRMP-3 in shell biomineralization. 
The functional rBR domain was found to take part in the growth control of crystals, 
and the rGYR region was found to contribute to binding chitin. 


3.5.2.1 Expression and Purification of rKRMP-3, rBR, and rGYR 


Sequence-verified pGEX-4T-1 vectors which were inserted by either the KRMP-3 or 
GYR or BR were transformed for expression in E. coli (Fig. 3.31a). After addition of 
IPTG, the three GST-tag proteins were effectively expressed (Fig. 3.31b). The major 
bands of rKRMP3, rGYR, and rBR on the SDS-PAGE gel migrated have molecule 
mass of 30 ~ 43 kDa, which correspond to the molecular masses of the recombinant 
proteins: 35 kDa (rKRMP-3), 30.2 kDa (rGYR), and 30.8 kDa (rBR) (26 kDa GST 
plus either 9, 4.2, or 4.8 kDa, respectively). The molecular mass of rBR is slightly 
greater than rGYR. In the meantime, we purified GST using the same method as a 
negative control. Traditionally, most matrix proteins have been separated directly 
from the soluble shell powder in various agents, including EDTA [5], PBS [64], 
ddH20 [12], or weak dilute acids [66]. Among the separated proteins, most were 
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Fig. 3.31 Recombinant proteins of KRMP-3 derivatives. (a) Schematic representation of KRMP- 
3, rKRMP-3, rBR, and rGYR. KRMP-3, full length of wild-type KRMP-3 possessing the signal 
peptide (SP) sequence and total 101 amino acid residues; rKRMP-3, KRMP-3 lacks the SP 
sequence and has 81 amino acid residues and tagged with an affinity GST in N-terminal; rBR, 
the basic region of KRMP-3 with 43 amino acid residues (21—63) and tagged with an affinity GST 
N-terminally; rGYR, the Gly/Tyr-rich region of KRMP-3 with the C-terminal 38 amino acid 
residues (64—101) and tagged with GST in N-terminal as well. (b) Production and purification of 
recombinant KRMP-3, GYR, and BR in E. coli. Arrows mean the induced proteins by IPTG. M, 
markers indicating protein molecular mass; lane 1, whole cell lysate uninduced by IPTG; lanes 2, 4, 
and 6, whole cell lysate of rKRMP-3, rGYR, and rBR induced by 0.8 mM IPTG, respectively; lanes 
3, 5, and 7, purified rKRMP-3, rGYR, and rBR eluted from GSTrap FFcolumn, respectively [58] 


acidic matrix proteins with few basic matrix proteins that usually constitute the 
insoluble organic framework part and were barely solubilized by weak dilute acids 
or EDTA. When treated with denaturing agent at high temperature, most basic 
matrix proteins separated from the insoluble components were detected to be 
denatured and inactive. Then the recombinant proteins seemed to be a viable 
alternative to study matrix proteins. E. coli and P. pastoris expression systems 
were selected in our study. A GST-tagged KRMP-3 was successfully expressed in 
E. coli after the attempt to express a His-tagged KRMP-3 in E. coli and P. pastoris 
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Fig. 3.32 Western blot analysis using anti-rKRMP-3 as primary antibody. The EDTA extracts 
from the insoluble matrices (EISM) and soluble matrices (ESM) of the prismatic layer from shells. 
The EISM and ESM of the nacreous layer were conducted to SDS-PAGE and subjected to Western 
blot analysis with anti-rKRMP-3 antibody or preimmune serum as primary antibody. The arrow 
shows that KRMP3 was found in the EISM composition of the prismatic layer. The con lane is the 
control group incubated with preimmune serum as primary antibody 


failed. The two function regions of KRMP-3 were also expressed and purified to 
investigate their functions. After the expression and purification of the three 
GST-tagged proteins, we tried to excise the GST tag using proteolytic; nevertheless, 
low recovery of the target proteins held back to research rKRMP-3, rBR, and rGR 
excluding the GST tag. Similar challenge has been reported to express and purify 
recombinant matrix proteins PFMG1 [37] and MSI7 [9]. All things considered, 
purified rKRMP-3, rBR, and rGR with the GST-tag were used to explore the 
function of these three proteins in vitro. 


3.5.2.2. Immunolocation of Native KRMP-3 in the Shell 


We detected the distribution of native KRMP-3 in the shell with the anti-rK RMP-3 
antibody or preimmune serum as the primary antibody. Western blot analysis 
indicated that the single intense band with apparent molecular mass of about 
10 KDa corresponds to the native KRMP-3. What’s more, KRMP-3 was detected 
in the EDTA-insoluble matrix (EISM) extracts from the calcite layer, but not in the 
EISM extracts from the nacreous layer or the EDTA-soluble matrix (ESM) from the 
two layers (Fig. 3.32). The shell of P. fucata displays a representative prismatic and 
nacreous microstructure. The outer structure is the prismatic layer and an organic 
sheet next, and the inner structure is the nacreous layer (Fig. 3.33a). The immuno- 
fluorescence localization of KRMP-3 on thin adult shell cross-sections displayed that 
native KRMP-3 existed in the prismatic sheath and the organic sheet (Fig. 3.33c, d). 
A small intensity of background staining was viewed in the control sample 
(Fig. 3.33b) but much weaker than that of experimental group in Fig. 3.33c, 
d. From dorsal to ventral the content of KRMP-3 increased following with the 
sheet becoming thicker gradually (Fig. 3.33c, d). Same phenomenon also occurred 
in several different P. fucata shells (data not shown). The results of Western blot 
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Fig. 3.33 Immunofluorescence distribution of native KRMP-3 in the adult shells of P. fucata, with 
anti-rKRMP-3 antibody. Shells were cleaned and modified and then decalcified and incubated with 
anti-rKRMP-3 antibody (c, d) or preimmune serum (b). (a), White light micrograph of the shell. 
The shell exhibits a representative nacroprismatic microstructure, with columnar calcitic prisms in 
the upper and nacreous layer beneath prism. These two calcified layers are generally isolated by an 
organic layer. P prismatic layer, OS organic sheet, N nacreous layer. (b), Negative control incubated 
with preimmune serum. The white arrows in (b) indicated only a small amount of background 
immunofluorescence was detected in the organic sheet. (c), Incubated with anti-rK RMP-3 antibody. 
The white arrows pointed positive signal in the organic sheet. Moreover, the positive signal of the 
ventral to dorsal shows the distribution of organic sheet; D dorsal, V ventral. (d), Enlargement 
images of the sample. Positive signal found not only in the organic sheet (white arrows) but also in 
the prismatic sheath (black arrows indicate). Scale bars in (a, d), 12.5 um and in (b, c), 50 pm 


analyses and the immunofluorescence showed that KRMP-3 was localized at the 
prismatic sheath [86] and the organic sheet [12, 78, 87], which was suggested to be a 
component of the EISM. This result was supported by the data obtained from in situ 
hybridization and RT-PCR [9]. KRMP-3 is the second matrix protein to be found in 
the organic layer after the discovery of Prisilkin-39. 


3.5.2.3 Chitin-Binding Ability 


Chitin is the chief component of the insoluble matrix of prismatic layer 
[88, 89]. KRMP was proven to exist in the insoluble matrix. Therefore, we 
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Fig. 3.34 Chitin-binding experiment. Lane 1, samples after water-washed; lane 2, samples of 
0.2 M NaCl washings; lane 3, samples after 1 M acetic acid-washed; lane 4, extract with detergent- 
SDS/B-mercaptoethanol at 100 °C for ~10 min. GST was applied as a negative control 


performed the chitin-binding assay of rhKRMP-3, rGYR, and rBR, with GST as 
negative control protein. GST and rBR were washed through with saline and no 
binding ability was detected in the subsequent process. In contrast, rGYR and 
rKRMP-3 were not eluted by the acidic solution and saline washings but eluted by 
the detergent solution washing (Fig. 3.34). The results showed that KRMP-3 could 
combine with chitin and the ability was related to the GY region. Proteins containing 
Rebers—Riddiford (RR) [90] regions have been shown to have ability to bind chitin 
in vitro [22, 91]. The Rebers—Riddiford motif is the most widely spread in chitin- 
binding proteins in arthropod cuticles [92]. However, proteins without the RR 
sequences in mollusks also showed chitin-binding ability in vitro. For example, 
Prismalin-14 could bind to chitin because of its GY-rich region. The GYR of KRMP 
and other matrix protein regions are also named as RLCD (repetitive, 
low-complexity domain). RLCDs are found to have a key role to play in structural 
construction in eggshells and cuticles [93], and this may be the reason why these 
constructions show strong mechanical toughness [17, 94]. The GYR of KRMP-3 
was shown to combine with chitin in our study, which provided supplement evi- 
dence of the function of RLCDs. The chitin-binding regions of chitinase are found to 
form -sheet structure to bind chitin [88]. From known matrix proteins knowledge, 
the GY region of KRMP-3 and Prismalin-14 may possibly be cross-linked with 
quinone tanning to form P-sheets. It is possible that Prismalin-14 [8], Prisilkin-39, 
MSI31 [6], and the Shematrin family [17] which have Gly-rich sequences such as 
GGY are also involved in the formation of the prism (1.e., B-sheet structure) [58]. 


3.5.2.4 Morphology of the Calcite and Aragonite Crystals Induced by 
rKRMP-3, rBR, and rGYR In Vitro 


To explore the functions of KRMP-3 in crystallization, the interactions of rKRMP-3, 
rBR, and rGYR with the growth of calcites were examined. The biominerals can be 
divided into subangular, subrounded, angular, and rounded according to the shapes 
generally. In our experiments, we found that the morphologies of crystals made a 
difference with the addition of rBR, rKRMP-3, and rGYR. 40 pg/ml GST was added 
as a negative control experiment with induced crystals as typically angular with 
smooth surface (Fig. 3.35a). The average width and length were 10.92 pm and 
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Fig. 3.35 SEM images and Raman spectrum analysis of in vitro crystallization of calcite system 
with addition of rKRMP-3, rBR, and rGYR. Crystals were formed with 40 ug/ml GST (a), 2 ug/ml 
rKRMP-3 (b), 10 pg/ml rKRMP-3 (c), 20 pg/ml rKRMP-3 (d), 40 pg/ml rKRMP-3 (e), 2 ug/ml rBR 
(g), 10 ug/ml rBR (h), 20 pg/ml rBR (i), 40 pg/ml rBR (j), 2 pg/ml rGYR (1), 10 pg/ml rGYR (m), 
20 pg/ml rGYR (n), and 40 pg/ml rGYR (0). The crystals boxed up in left bottom of the image are 
enlargement images of the smaller boxed part, respectively. f, k, and p are the Raman spectrum of 
the crystals with 40 pg/ml rKRMP-3 (e), 40 pg/ml rBR (Gj), and 40 pg/ml rGYR (0), respectively 
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13.27 um, respectively. With the concentration of 2 ug/ml of rKRMP-3, the shape of 
the calcite crystals changed. All crystals displayed rounded edges and hierarchy that 
could be visualized (Fig. 3.35b). With increasing concentration of rKRMP-3 
(10-40 pg/ml), the shape of calcite changed from angular to round gradually 
(Fig. 3.35c—e). At dosage of 40 pg/ml of rKRMP-3, most calcites obtained changed 
to be round crystals and their size get smaller (Fig. 3.35e). Moreover, the morphol- 
ogies of the crystals also changed in the system with rGYR (Fig. 3.35l—o) and rBR 
(Fig. 3.35¢g-j) gradually. In order to quantify the sizes and shapes of crystals 
appropriately, we observed crystals at low magnification (data not shown). With 
40 pg/ml of rKRMP-3, 97.3% of the formed crystals were sphere with an average 
diameter of about 11.82 um. With 40 pg/ml of rBR, subsphere and sphere crystals 
took up 70.3% of the crystals, with an average diameter of about 10.01 um. With 
40 pg/ml of rGYR, subsphere and sphere crystals occupied 33.8% of the crystals 
with an average diameter of about 12.36 um. The Raman spectrum analyses of the 
formed crystals from the three groups (E, J, O) showed all of them were calcite with 
characteristic absorption peaks of 281, 712, and 1086 cm™ (Fig. 3.35f, k, p). 

In vitro crystallization studies have shown that natural and recombinant matrix 
proteins have effect on the crystal morphology [4, 13, 22, 95, 96]. Lysine residues, 
which are rich in the KRMP BR region, have been implicated to have ability of 
controlling crystal formation in biomimetic silicification crystallization before 
[97]. What’s more, the addition of two lysine-rich peptides were found to perform 
circular crystals in CaCO; precipitation experiments [89]. In addition, the prismatic 
layer was shown to be disintegrated after KRMP genes were knocked down by 
dsRNA injection [14]. The dose effect of rhARMP-3 on calcite growth showed that 
the shape of calcite crystals changed with the addition of 2—20 pg/ml rKRMP-3 with 
the crystal angular gradually disappeared. The crystals became sphere and crystal 
sizes get smaller with higher dosage of KRMP-3 (40 pg/ml). Moreover, the system 
containing rBR showed consistent effects on crystal morphology as shown in the 
rKRMP-3 system, although rGYR showed minor influence on the crystals. All in all, 
our results are consistent with the reports before. 

The presence of Mg** in the crystallization system tend to form aragonite [4], so 
50 mM Mg”** was added to the aragonite precipitation solution. GST was used as a 
negative control in the control group, with the formation of sphere-shaped crystals 
(Fig. 3.36a). With 2 pg/ml rkRMP-3, no obvious effect on the crystals was found 
(Fig. 3.36b). With 10 pg/ml rKRMP-3, no crystals but the material precipitated like a 
film was observed in the field of vision (Fig. 3.36d, e). We further examined the film- 
like material with Raman spectra and found the characteristic absorption peaks at 
558.9 and 1092.6 cm, not identical with any kinds of crystals (Fig. 3.36f). That is, 
there were no shaped crystals in the conduction, and we couldn’t distinguish the 
material. No typical crystals were found with 2 pg/ml of rBR (Fig. 3.36g) and a few 
crystals formed in the presence of 10 pg/ml of rBR (Fig. 3.36h), while typical 
crystals formed in the presence of 2 pg/ml of rGYR (Fig. 3.361). No typical crystals 
were observed only at 10 pg/ml of rGYR (Fig. 3.36)). Raman spectrum showed that 
the formed typical crystals in Fig. 3.36a and b/i were aragonite (Fig. 3.36c). The 
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Fig. 3.36 SEM images and Raman spectrum analysis of in vitro crystallization of aragonite 
system with addition of rKRMP-3, rBR, and rGYR. Crystals were formed with 50 mM MgCl, 
and 10 pg/ml GST(a), 2 pg/ml rKRMP-3 (b), 10 pg/ml rKRMP-3 (d, e), 2 pg/ml rBR (g), rGYR (i), 
10 pg/ml rBR (h), and rGYR (J). Raman spectrum indicated that the typical crystals formed in A/ 
B/ I are aragonite, with the special peaks at 207, 704, and 1085 cm‘. (ec). Raman spectra of the 
crystals precipitated with 10 pg/ml rKRMP-3 (c/d) have the absorption peaks at 558.9 and 
1092.6 cm” (f) 


concentration effect of rhKRMP-3 showed strong inhibition in the aragonite growth 
system in vitro. rBR showed stronger inhibition of the formation of aragonite 
compared with rKRMP-3. Even with 2 pg/ml of rBR, there is no typical crystal 
formed. rGYR was observed to show weaker inhibition ability of aragonite crystal- 
lization compared with the activity of rhKRMP-3 and rBR. 
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3.5.2.5 Effect of rKRMP-3, rBR and rGYR on Calcium Carbonate 
Precipitation 


The function of rKRMP-3 and its two regions on calcium carbonate precipitation 
was investigated in vitro. In the blank control, the absorbance value at 570 nm which 
is an indicator of the precipitation changed and reached about 0.1 in 5 min. The 
precipitation rate drastically changed with the addition of rKRMP-3. The highest 
absorbance value did not even exceed 0.045 in the presence of 2 pg/ml rKRMP-3. 
The absorbance at every minute reduced following with the dosage of rKRMP-3 
present increased. The similar effect was found when rBR was present in the system. 
Rbr and rKRMP-3 inhibited calcium carbonate precipitation dose dependently and 
almost inhibited this precipitation completely with about 20 g/ml protein 
(Fig. 3.37a, b). To examine the contribution of the two domains to the inhibitory 
ability, 10 pg/ml rKRMP-3, rGYR, and rBR were added to the precipitation system, 
respectively. The inhibitory effect of rk RMP-3 and rBR was similar, while the 
inhibitory effect of r@YR was feeble (Fig. 3.37c). At the same time, GST had no 
influence on the precipitation of calcium carbonate. The results showed that rKRMP- 
3 could inhibit CaCO3 precipitation significantly, inhibit the growth of aragonite, 
and change the morphology of calcite in vitro. 

The results of the inhibitory ability on calcium carbonate precipitation of rBR and 
rKRMP-3 could explain the effect of protein on the crystals growth. The finding that 
rKRMP-3 controls calcite growth and inhibits aragonite growth is accordant with the 
shell localization of protein. The matrix protein from the prismatic layer could inhibit 
aragonite growth and control calcite growth. Two antagonistic mechanisms are 
crystal nucleation and growth inhibition in molluscan shell formation. KRMP-3 
has an effect on growth inhibition in theory. This result is similar to that of 
Prisilkin-39 and different from that of major acidic matrix proteins. The functions 
identified are relative to a lysine-rich basic domain of KRMP-3, which may interact 
with the CO37~ or HCO; ~ during formation of the shell. What’s more, the lysine 
side chains can participate in intermolecular cross-linking by Schiff’s base conju- 
gates [75]. The lysine-rich region in KRMP-3 is also suggested to interact with the 
anionic groups of sugars in the matrix glycoproteins and polysaccharides or acid 
proteins, which would be a supplement of the interaction with CO;°~ or HCO; ~. 


3.5.3 Cloning and Characterization of Prisilkin-39, a Novel 
Matrix Protein Serving a Dual Role in the Prismatic 
Layer Formation from the Oyster Pinctada fucata 


Shells were formed by mollusks out of CaCO3 and matrix is composed of 
biomacromolecules. Understanding the role of matrices may afford clues on the 
biomineralization mechanism. Herein, a cDNA sequence with 1401 bp in full length 
encoding a novel matrix protein was cloned from the mantle of the pearl oyster, 
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Pinctada fucata. The putative protein (Prisilkin-39) [13], which has a calculated 
molecular mass of 39.3 kDa and a predicted isoelectric point of 8.83, was fully 
identified, and its function in biomineralization was studied by both in vivo and 
in vitro crystal growth experiments. Prisilkin-39 is a highly repeating protein with a 
novel composition of Gly, Tyr, and Ser residues. Expression of Prisilkin-39 was 
distributed in columnar epithelial cells of the mantle edge, contributing to the 
prismatic layer formation of calcite. Immunohistochemical in situ and 
immunodetection in vitro had shown the existence of a characteristic pattern of 
Prisilkin-39 in the sheaths around the prisms and organic sheet. Prisilkin-39 could 
bind tightly with chitin which is an insoluble polysaccharide that provides the highly 
structured framework of the shells. Antibody injection in vivo led to dramatic 
morphological damage in the inner shell surface structure, where a large amount 
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of CaCO3 was formed in a disordered manner. In addition, Prisilkin-39 strictly 
inhibited the aragonite precipitation in vitro. In conclusion, Prisilkin-39 is the first 
protein proven to have dual function, involved in both of the chitinous framework 
building and the crystal growth regulation during the prismatic layer formation. 
These findings may shed light on the rare group of basic matrices and their functions 
during regulation of the molluscan shell. 


3.5.3.1 Isolation and Sequence Analysis of cDNA for Prisilkin-39 [13] 


A DNA fragment of ~1000 bp was obtained by the 3’-RACE process with degen- 
erate primer of YGS-F1. Then the sequences analysis indicated that the degenerate 
primer YGS-F1 annealed with the sequence of cDNA encoding GYGGYS peptide. 
According to the 3’ sequence, we designed and synthesized a gene-specific antisense 
primer YGS-R1, and then a cDNA fragment was obtained by the 5’-RACE process. 
To explore the sequence combination of the results of 3‘-RACE and 5’-RACE, 
another PCR of the full-length cDNA was conducted with the P. fucata mantle 
cDNA as a template. We obtained a positive confirmed cDNA clone YGS7 includ- 
ing the poly (A) tail with 1401 bp in length (Fig. 3.38). It possesses a 5’-untranslated 
sequence of 59-base, an open reading frame consisting of 1218 bp nucleotides, an 
in-frame stop codon TAA, and a 3’-untranslated sequence of 121-base. The position 
of the first start codon is at nucleotide 60, with a purine (A) three nucleotides 
upstream which is consistent with the Kozak consensus sequence of initiation of 
transcription in eukaryotic species [98, 99]. A putative polyadenylation signal 
AATAAT is recognized within this cDNA sequence at the nucleotide position of 
1305, which are 76 nucleotides upstream from the poly (A) tail. 


3.5.3.2 Analysis of Putative Amino Acid Sequence of Prisilkin-39 


The deduced protein Prisilkin-39 contains 406 amino acid residues and has a 
putative molecular mass of ~39.3 kDa before any posttranslational modification. 
Prisilkin-39 is identified by high proportions of Gly (29.7%), Tyr (23.3%), and Ser 
(18.6%), which accounted together for over 70% of the all amino acid residues 
(Table 3.6). Besides, the amino acid component of Prisilkin-39 1s also similar to that 
of most matrix proteins of the prismatic layer from P. fucata [100]. Different from 
many other shell matrix proteins that are singularly rich in Asp and Glu residues 
[8, 10, 72, 101, 102], the content of these acidic amino acids in Prisilkin-39 is 
drastically low, with only one Asp residue. Therefore, Prisilkin-39 is a part of the 
rare group of basic matrix proteins with an apparent theoretical pI of 8.83. 
Another characteristic feature of the Prisilkin-39 sequence is its modular struc- 
ture, possessing a signal peptide, a short alanine-rich hydrophobic region in 
N-terminal, two highly repetitive regions, and a histidine-rich basic tail in 
C-terminal (Fig. 3.39). The first 19 amino acids are predicted as signal peptide, 
which is similar with the signal peptides of MSI31 [6] and MSI7 [103], two matrix 
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agc ggg tat gge tac gge tat cca get got gga tat ggt gga tac agt tat gge tat cca 
s GYGY GYP AGGOYG GYS YGYP 
act ggt gga tac ggt ọga tac agc tac gga tat cca act ggt ggg tac gga gga tac agc 
Ee GYG GYS YGYP RGG YGGYS 
tac gga tat cca act ggt gga tac gga gga tac agc tac ggt tac cca acg gga gga tac 
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age gga tac age tac gga tat cca acg gga gga tac age gga tac age tac gga tat cca 
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acg 994 99a tac age gga tac age tac gga tat cca acg gga gga tac age gga tac age 
pe GYS GYS YGY PHG GYS GY 5 
tac gga tat cca acg gga oga tac agt gga tac age tac gga tat cca acg gga gga tac 
Y GYPWGGYSGYS YG Y P U6 G Y 
agt gga tac age tat cca acg gge gga tac agt gga tac age tac agt tca acc cca gga 
teys y PIGGY S GOY SYS $T AG 
tat gga tat tac ggc tca ggg tcc gga atg ggt gga atg cgt tca ggg tat agt tat tac 
YGYVG6ESGSGOMGGMRAEGC VY MY Y 
age age ccc gcc cca fca tat tac agt tct ggt agt otg aca cca gga tac gga tat tac 
S SPA PP SVN VS 8G SMT eS UY UG. UYU 
age tea gge tet gga ata gga gga gga atg ggt tca gga tat age tat tat age age ccc 
Sse Fe 1¢e € CMa S CY St ¥ ES PP 
gcc eect tca tat tac agt tet agt gtg agt cca gga tac gga tat tat ggc tea gge tet 
A P SYYS S tv oer eg FO ¥ ¥ 6s. oS 
gga atg aga gga tat ggt tat tac agt agc agc aca cct atg tat tac ggt tct aga agt 
GMRG YGYYS SS TPMYYGS RF 
acg ggt tat ggt cec ttt tet tet gga ttg gga gga atg ggt tca ggg tat agt tat təc 
TG YGP FSS GLGGOMGSGYSY Y 
gc egc age acc cca tca tat tac agt tct ggt agt atg aca cca gga tec gga tat tec 
es §$ Tt SY SS G6. Sw] PF GYGY Y 
gge agt act age tat cca gga cca ggg tat gge tec tac agt tat cgt aca act age tat 
G S TS YP GPG YGS YYY ROQTY 
caa cce tee tet tat gga tat tee tet tat gga acc acg tat cca gga cac ggg cat tog 
Qr SYG YS FYG TT YP 6G HGH W 
cat ggt cac aag gac tgt taa aaggaccttaacaagatggacatthataatgttteecgactetatecaa 
H G H K D C 4% 

tigtaattttatcottgtcatatgagaaatgcagcattattaaagigttattttcgaaaaaaaaaaaaaaaa 1401 


Fig. 3.38 Nucleotide sequence and putative amino acid sequence of Prisilkin-39 
Numbers and boldface numbers on the left of sequence are positions of the nucleotides in the 
Prisilkin-39 cDNA sequence and the amino acid residues in the putative protein, respectively. The 
predicted signal peptide (residues 1—19) is marked in boldface italic type. The initiation codon (atg), 
the stop codon (taa), and the predicted polyadenylation signal (aataat) are boxed up. Primers 
designed for cloning are indicated in gray shading. Protein sequence of Prisilkin-39 possesses 
12 tandem repeats of which the first repeat is underlined and the last amino acid residue of other 
repeat is shown by a vertical line and numbered 1-12. Four histidine residues and one lysine residue 
in the C-terminal are double underlined. The predicted phosphorylation sites are indicated by 
asterisks, and the possible O-glycosylation sites of three threonine residues are circled [13]. 
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Table 3.6 Amino acid component of Prisilkin-39, KRMP, and Shematrin-1 


Prisilkin-39 KRMP-1 Shematrin- 1 
Amino acd mol mol 
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proteins contributed in the prismatic layer formation of P. fucata, and the signal 
peptides of Aspein [10] and the Asprich family [5] which are extremely acidic matrix 
proteins found in the prismatic layer of P. fucata and Atrina rigida. In view of the 
high content of hydrophobic amino acids in the first 60 residues of the mature protein 
without signal peptide (Fig. 3.39b, arrowheads), the hydropathy of Prisilkin-39 was 
further verified with the method of Kyte and Doolittle accessed on line. The analysis 
suggested that the only hydrophobic region of the protein is located at the N 
terminal, consisting with residue number 20-77 in the alanine-rich region 
(Fig. 3.3b). After this region, almost 80% of the total Prisilkin-39 sequence is 
separated by two consecutive regions named as GYS region I and GYS region II 
(Fig. 3.39c, d). They are organized in tandem with highly conserved repeats, 
resulting in Prisilkin-39 as one of the most repetitive molluscan shell proteins 
known. GYS region I consists of 12 repetitive sequence regions, 10 of which are 
GGY (G/S) GY (G/S) YGYP (T/A) region. There are high degrees of sequence 
similarity in these elements, suggesting that they are possible to have similar folding 
model. Meanwhile, GYS region II is also characterized with random repetitive 
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Fig. 3.39 Schematic representation of protein Prisilkin-39 

(a) Schematic exhibition of the regional structure of Prisilkin-39. The protein possesses a signal 
peptide, a short alanine-rich hydrophobic region in N-terminal (residues 20-77), two highly 
repetitive regions, GYS region I (residues 78-219), GYS region II (residues 220-396), and a 
histidine-rich basic tail in C-terminal (residues 397-406). (b) Amino acid sequence of the alanine- 
rich hydrophobic region (upper region) and the corresponding hydrophobicity profile of Prisilkin- 
39 (lower part). Amino acids with high hydropathy scores are marked by arrowheads. Hydropho- 
bicity analysis was conducted with the method of Kyte and Doolittle (window = 19). (c) Sequence 
alignments of these 12-fold tandem repeats in a consensus sequence of GYS region I. Consistent 
amino acid residues are shaded, and the same glycine and tyrosine residues are highlighted. (d) 
Sequence alignment in GYS region II. The arrowheads and number point the amino acid range of 
each region in (b-d) [13] 


elements, which are composed by Gly-Tyr, Tyr-Ser, Tyr-Tyr, and Gly-Ser dipep- 
tides, while there seems to be disorder in terms of the organization of these different 
dipeptides in this section, leading to GYS region I less repetitive than GYS region 
I. These two repeated regions are followed with a segment of ten amino acids 
enriched in polar residues. Four histidine residues and one lysine residue are 
compactly located in the C-terminal of Prisilkin-39. This basic tail has some 
similarity with the tail of the Shematrin protein family [17]. It is reasonable that in 
the extrapallial fluid with pH of 7.4, where matrix combines and shell mineralization 
occurs [75], these residues’ side chains are preferred to be positively charged and 
thus able to interact with carbonate ions or negatively charged amino acid residues of 
other acidic proteins [101]. 

Further bioinformatics analysis of the Prisilkin-39 sequence indicates that some 
serine and threonine residues of Prisilkin-39 may either be O-glycosylated or 
phosphorylated (as shown in Fig. 3.38), a character commonly found in proteins 


316 3 Identification (Characterization) and Function Studies of Matrix... 


Piskingo 1 E 
predicted protein 1 H 
tophnin 1 FEGE 
IGGYGG 







Consensus 


SNGYESGGYGG S SEE GCG LGG 
8” repeat g” repeat ? 


rel peat 
Pisikn39 61 BE Teg By wii | 
predicted protein 61i} PA ! AK FAMSNGYI ld: seen l 
tophinin 51 REFA ISN- FGRIS ES ~-SGBECHENES | 


Consensus IGGY G S GYPSGGY G area a: SNGYPSGGE G 5 PS 


ee | 





Fig. 3.40 Alignment of repeat numbers 3-11 of Prisilkin-39 with these two similar tandem 
repeated proteins 


involved in mineralized tissues. Drastically, three potential O-glycosylation sites and 
24 phosphorylation sites of 28, based on NetOGlyc3.1 [104] and NetPhos2.0 [105], 
respectively, are compactly distributed in GYS region II. This may suggest that GYS 
region II seems to have a more flexible and more complicated folding structure, as it 
is more inclined to be posttranslational modificated than the GYS region I. 

The Blastp (protein with protein BLAST) search [106] against GenBank in NCBI 
website showed no remarkable homology of Prisilkin-39 with any other known 
protein. A low similarity to Prisilkin-39 existed in a predicted protein from 
Ostreococcus lucimarinus and a protein trophinin which is from mouse [107] 
(Fig. 3.40). Both proteins possess a conserved glycine-rich region which is repeated 
in tandem like in Prisilkin-39 10 and 13 times, respectively, whereas there have been 
no reports of any known functions. 

The proteins shown in the figure are the translated protein from O. lucimarinus 
CCE9901 (residues 55-149) with NCBI accession number of ABO98608 and the 
trophinin protein of Mus musculus (residues 894—990) with NCBI accession number 
of NM001002272. Amino acids are numbered at the left, and gaps are marked by (-). 
Same residues are highlighted or shaded in black, and other conserved residues are 
shaded. 


3.5.3.3 Gene Expression Analysis 


We investigate the expression of Prisilkin-39 in several tissues of P. fucata via 
RT-PCR (Fig. 3.41a) and the expression being found only in the mantle edge, 
consistent with the prismatic calcite shell layer, while not in the mantle pallial 
relevant to the nacreous aragonite layer or in any other tissues. To explore the 
more precise expression sites of Prisilkin-39 mRNA in the mantle edge in 
P. fucata, we conducted in situ hybridization with frozen sections of the mantle 
tissue. Expression of Prisilkin-39 in situ was distributed in the inner epithelial cells 
of the outer fold and the outer epithelial cells in the middle fold at the bottom of the 
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Fig. 3.41 Gene expression level of Prisilkin-39 and its location in the columnar epithelium of the 
mantle tissue 

(a) Relative tissue-specific gene expression of Prisilkin-39 with RT-PCR analysis. Total RNA was 
extracted from mantle edge (ME), mantle pallial (MP), gonad (Gon), foot, gill, hemocytes (Hem), 
viscus (Vis), and adductor muscle (Mus), respectively. The housekeeping gene GAPDH was 
detected as a positive control. After reverse transcription, PCR was conducted with primer sets 
for Prisilkin-39 and GAPDH presented under “experimental process.” (b) Distribution of Prisilkin- 
39 mRNA in the mantle of P. fucata by hybridization in situ. Hybridization signals (dark purple) 
pointed by arrowheads existed in the inner epithelial cells of the outer fold and the outer epithelial 
cells in the middle fold. OF outer fold, MF middle fold, /F inner fold, PG periostracal groove. Scale 
bars, 500 um. (c) Amplification of the box in (b). Scale bars, 100 um. (d) Control section incubated 
with a sense probe. Bar, 500 um 


periostracum groove (Fig. 3.41b, c), while no hybridization signal was found at the 
dorsal mantle or the inner fold. Incubation with a control probe had no significant 
signals (Fig. 3.41d). What’s more, it is worthy to note that this expression profile was 
similar to that of Prismalin-14 [8] and KRMP in part [9], which existed in the 
prismatic layer of P. fucata, indicating the probable involvement of Prisilkin-39 
during the process of prismatic layer formation. 
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3.5.3.4 Identification of Prisilkin-39 in the Extracts of Nacre and Prisms 
from P. fucata 


Biochemical analyses were conducted to explore whether native Prisilkin-39 exist in 
the prismatic and/or nacreous layer of P. fucata. Yeast which is a largely used 
eukaryotic expression system was picked to produce recombinant proteins as a result 
of its advantages in protein folding and posttranslational modification in present 
study. The recombinant model of the Prisilkin-39 protein was transformed into 
P. pastoris GS115 cells and then purified by nitrilotriacetic acid beads. Polyclonal 
antibodies which were raised against recombinant Prisilkin-39 were applied for 
immunodetection of native Prisilkin-39 in proteins of EDTA soluble matrix (ESM) 
and EDTA-insoluble matrix (EISM) of the shells from P. fucata. The reactions were 
executed with ELISA and immune-dot blot assay. As Fig. 3.42 shows, Prisilkin-39 
was detected only in the EISM while not in the ESM of the shells. EISM proteins 
were conventionally thought to contribute to the construction of the structural 
organic framework and the physical properties of the shells during biomineraliza- 
tion. Thus, it is reasonable to assume that Prisilkin-39 works as a framework 
composition in the prismatic layer according to its presence pattern and amino 
acid component (Gly/Tyr-rich). 

What’s more, the existence of Prisilkin-39 in the prismatic layer was further 
explored and identified by SDS-PAGE and Western blotting with EDTA extracts 
from separated nacreous layer and prismatic layer. The gels stained by Coomassie 
Brilliant Blue revealed the existence of numerous different thin bands together with a 
smeared background (Fig. 3.43a), which shown the special behavior of total shell 
proteins. All extracts exhibited distinctively different patterns, and many matrix 
proteins were poorly subjected on acrylamide gels stained with Coomassie Blue or 
silver nitrate staining (data not shown). In addition, Stains-All stained gel images 
consistent with the samples Fig. 3.43 shown represented that both the recombinant 
Prisilkin-39 and the prism EISM extracts stained pink negatively, and in turn it 
provides evidence that native Prisilkin-39 is not a vast phosphoprotein in the EISM 
extracts of prism (Fig. 3.43b). Western blot results suggested that Prisilkin-39 was 
detected only in the EDTA-insoluble fractions of the prisms after boiling with 
denaturing solution for 15 min at 100 °C. Neither the parts of nacre nor the 
EDTA-soluble matrix of the prisms exhibited any recognition with anti-Prisilkin- 
39 (Fig. 3.43c). The biochemical distribution of Prisilkin-39 did, however, accordant 
with the results of previous gene expression analyses. What’s more, additional bands 
with higher molecular mass (about 60 and 80 kDa) were also discovered, which 
could be consistent with multimers of the immunoreactive band or to Prisilkin-39 
modified posttranslationally as tested previously of Caspartin [74]. Meanwhile, this 
banding pattern was also found in the results of Western blotting analyses of 
Prisilkin-39 of different tissues. As Fig. 3.43d had shown, Prisilkin-39 mainly lies 
in the mantle and extrapallial fluids and some is detected in the homolymph and 
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Fig. 3.42 Detection of native Prisilkin-39 in different extracts of shells 

The purified anti-Prisilkin-39 antibody was applied against EDTA-soluble matrix (ESM) and 
EDTA-insoluble matrix (EISM) of the shells from P. fucata, using ELISA (a) and dot immune 
blot assay (b). For more procedure details, see “Experimental Procedures.” The extracts were 
compared with known content of recombinant Prisilkin-39, which were diluted continuously by 
EDTA and treated as a positive control. Both the ELISA curve (a) and the blot (b) indicate that 
strong signals are found in the EISM but not in the ESM of the shells. 


viscus. The exhibition of native Prisilkin-39 in the mantle, extrapallial fluid, and the 
homolymph suggested the possible route of protein transport (from the mantle tissue 
to the extrapallial fluid via the homolymph) before Prisilkin-39 had been involved in 
the mineralized prisms. 


3.5.3.5 Chitin-Binding Vitality of Prisilkin-39 


It is suggested that framework proteins could interact with chitin which is a major 
insoluble component of the organic framework on basis of the models proposed by 
Weiner and his co-workers [42, 108, 109]. In consistent with the notion that 
Prisilkin-39 works as a structural role in the formation of the framework during 
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Fig. 3.43 Existence of Prisilkin-39 in specific shell layer and different tissues of P. fucata 
Prisilkin-39 was identified in EDTA extracts of isolated nacre and prism of the shell in 12% 
SDS-polyacrylamide gels (a and b) and Western blotting (c). The gels were dyed by Coomassie 
Blue (a) and the carbocyanine dye Stains-All (b). Lane 1, molecular mass standards (Std); lane 2, 
EDTA-soluble matrix of the nacreous layer; lane 3, the denatured segment of the EDTA-insoluble 
matrix of the nacreous layer; lane 4, EDTA-soluble matrix of the calcitic prisms; lane 5, the 
denatured fraction of the EDTA-insoluble matrix of the calcite prismatic layer; lanes 6 and 
7, recombinant Prisilkin-39. (c), Western blots after electrotransfered to polyvinylidene difluoride 
membrane. Lanes 1-6 were incubated with the anti-Prisilkin-39 antibody (dilution 1:10,000), and 
lane 7 was reacted with the rabbit preserum as the negative control. The arrowheads (on the right 
side of the lanes) point the position of the Prisilkin-39 immunoreactive bands. Prisilkin-39 mainly 
exist in the EDTA-insoluble matrix of the prismatic layer. (d), Western blotting to explore the tissue 
distribution pattern of Prisilkin-39. Lane 1, molecular mass standards (Std); lane 2, mantle (Ma); 
lane 3, extrapallial fluid (EPF); lane 4, gonad (Gon); lane 5, viscus (Vis); lane 6, foot; lane 7, gill; 
lane 8, muscle (Mus); lane 9, homolymph (Hom) 


shell grown. Chitin-binding assay was conducted during which a solution of 
Prisilkin-39 or BSA was mixed with powdered chitin, and the insoluble mixture 
was then washed with distilled water, saline, and a boiling denaturing solution. Each 
washing was subjected in SDS-PAGE (Fig. 3.44). BSA which was used as a 
negative control was completely washed out with water and saline, and no band 
could be found in the SDS washing. While Prisilkin-39 could not be washed off by 
water and saline but by the SDS denaturing solution, which is accordant with our 
previous finding that Prisilkin-39 could only be found in the EISM fractions after 
being boiled with similar denaturing solution in high temperature (Fig. 3.43). These 
findings revealed that Prisilkin-39 could bind tightly to chitin, and with this ability, it 
may thus work as a framework part participating in the shell formation. 
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Fig. 3.44 Chitin-binding experiment for Prisilkin-39 

The gel was subjected under reducing conditions and dyed with Coomassie Brilliant Blue. Lane 
1, sample after water washed; lane 2, 0.2M NaCl washings; and lane 3, incubated with 
SDS/B-mercaptoethanol at 100 °C for 10 min. Prisilkin-39 could only be washed with the 
SDS-denaturing solution. BSA is studied as a negative control 


3.5.3.6 Immunofluorescence of Prisilkin-39 in P. fucata [13] 


To investigate the microstructural distribution of native Prisilkin-39 protein in 
decalcified shells, sections of the shells were incubated with the anti-Prisilkin-39 
antibodies. The cross-section of the shells from P. fucata represents a classical 
bilayer structure, with a prismatic texture of long, columnar prisms of calcite 
(Fig. 3.45a and c, upper compartment) and a nacreous texture consists of flat 
aragonite tablets (Fig. 3.45a, lower part). In addition, the organic sheet (40 um 
thickness) lies between the nacre and the prismatic layer. According to its unique 
interfacial location, this sheet is thought to play a crucial role during the transition 
process of two layers with different crystal polymorph. The in situ labeling results of 
the same sample, which was observed under white light (Fig. 3.45a) and under 
fluorescent light (Fig. 3.45b), respectively, made sure the prism-specific location of 
Prisilkin-39. The positive signal had shown drastic intense in the organic sheet, 
perpendicular to the axis of the calcite prism (Fig. 3.45d, arrows), and in the organic 
sheaths compacting the prisms, in which the main content is chitin [88, 110] 
(Fig. 3.45d, white arrowheads indicate). No signals were found in control groups 
with preimmune serum (Fig. 3.45c). As we know, Prisilkin-39 is the first matrix 
protein that was detected to be involved in the organic sheet. This also suggests 
another function of this protein that Prisilkin-39 is not just a structural matrix protein 
binding with chitin but also might regulate crystalline deposition. 


3.5.3.7. In Vivo Exploration of the Function of Prisilkin-39 
in Mineralization 


To further investigate the role of Prisilkin-39 in shell biomineralization and study 
why a large amount of Prisilkin-39 is localized in the organic sheet, an in vivo 
antibody inhibition experiment was conducted. We injected affinity-purified anti- 
bodies into the extrapallial fluid of P. fucata to inhibit the physiological functions of 
Prisilkin-39. Compared with the control group (Fig. 3.46a, b), the surface of the 
nacre lamellae in the low-dose anti-Prisilkin-39-injected group changed to be ragged 
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Fig. 3.45 Immunofluorescence distribution of native Prisilkin-39 in cross-section of the shell from 
P. fucata 

Normal shells of P. fucata was fixed and decalcified and then incubated with anti-Prisilkin-39 
antibody (a, b, and d) or normal rabbit preimmune serum (c). The upper segment is the prismatic 
layer, and the lower part is the nacre. For procedure details, see “Experimental Procedures.” (a), 
Differential compartment contrast microscopy image of the cross-section of a sample incubated 
with anti-Prisilkin-39. (b), Accordant image of A visualized by fluorescence light. P prismatic layer, 
OS organic sheet, NV nacreous layer. (c), Control group incubated with preimmune serum of rabbit. 
The white arrows show no positive signal was observed in the organic sheet or in the prismatic 
sheath. (d), Experimental group stained with anti-Prisilkin-39 antibody. The arrows point the 
location of Prisilkin-39 in the organic sheet and around the prisms. Scale bars, 50 ym 


and disordered texture (Fig. 3.46c, d). The disordered texture was characterized by 
the random stacking of crystals on the original tablet (Fig. 3.46d, black arrow 
indicate), disturbing the stair-like growth model of the inner shell. This abnormal 
phenomenon turned out to be more drastic in the high-dose group (Fig. 3.46e, f), 
where thickened irregular tablets were combined and linked together, making the 
boundaries unclear and fused. What’s more, the chemical composition analyses of 
energy-dispersive X-ray spectroscopy indicated that the irregular precipitations 
consisted of carbon, oxygen, and calcium (Fig. 3.46k), while the nacre lamellae of 
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the pre1mmune-injected group kept a normal form and smooth surfaces (Fig. 3.46g¢— 
j). These findings revealed that large amounts of calcium carbonate could be 
abnormally deposited from the extrapallial fluid as a result of the inhibition of the 
normal physiological functions of native Prisilkin-39 in P. fucata, suggesting that 
Prisilkin-39 should work as an obbligato negative regulator of aragonite growth to 
stop its ectopic precipitation during shell formation. 


3.5.3.8 In Vitro Crystallization with Addition of Prisilkin-39 


To explore the effect of Prisilkin-39 on the calctum carbonate crystals growth, two 
individual in vitro crystallization experiments examining the formation of aragonite 
and calcite were established, respectively. In the crystallization system of aragonite 
precipitation, a high Mg** dosage (50 mM) was added to imitate the composition of 
the extrapallial fluids in P. fucata. First, in the control experiments conducted with 
the filtrate (data not shown) or BSA, many large needle-shaped crystals were 
preferentially formed, along with some small rodlike polyhedral crystals 
(Fig. 3.47a, b). Raman analyses confirmed the aragonitic character of the former 
crystal and its favorable stability, as shown by a special sharp peak at 1085 cm~! 
(upper spectra), while the small crystals had a broad peak with low intensity of 
1085 cm~' (lower spectra), suggesting the presence of low crystallinity sediments 
(Fig. 3.47p). On the other hand, with addition of Prisilkin-39 at a dosage of 30 pg/ml, 
aragonite growth was completely inhibited, and no other typical calctum carbonate 
crystals were found (Fig. 3.47c, d). At higher amplification, these different-shaped 
structures are obvious (Fig. 3.47e). Especially, samples were still focus on the 
deposition of mostly 100-200 nm spherules, along with clusters of amorphous 
gel-like together. Raman spectra indicated that the amorphous deposits in this 
condition are not typical aragonite or calcite, as shown with a low intensity peak 
at 1085 cm™' (Fig. 3.47q, lower spectra). In addition, the lower dosage of Prisilkin- 
39 (15 pg/ml) induced the formation of vaterite crystals, ~20 ym in size each 
(Figure 3.47f, g and q, upper compartment), instead of the total inhibition of 
aragonite growth. 

The function of Prisilkin-39 on calcite, formed from the Mg**-free crystalline 
system, was tested to be less significant compared to that on aragonite, because it 
only led to a change in crystal morphology (Fig. 3.47 j-o and s). Not like the 
aragonitic system, typical calcite crystals could be formed normally from the satu- 
rated solution, even though the presence of Prisilkin-39 is at a quite high dosage of 
50 pg/ml (Fig. 3.47n, 0). Whereas, the morphology of calcite, especially the edges 
and corners of calcite, was in a dosage-dependent manner, while the crystals formed 
in control experiments executed with the filtrate (data not shown) or BSA 
(Fig. 3.47h, i, and r) were the typical calcite rhombohedra with smooth crystal 
faces. To summarize, Prisilkin-39, as a basic matrix protein from the prismatic 
layer and organic sheet, represents a much stronger inhibitory ability on the 
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Fig. 3.46 The function of Prisilkin-39 on the growth of nacre lamellae 

In the extrapallial fluid where shell biomineralization happens, the physiological functions of native 
Prisilkin-39 were depressed by its antibody. (a), SEM image of the inner surface of normal shell 
from the oyster P. fucata. The stair-like growth model of nacre can be found. (b), Amplification of 
the box in a indicating flat and regular tablets. (c), SEM image of the inner surface of the shell in 
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in vitro crystallization of aragonite system than that of calcite system. We speculated 
that Prisilkin-39, together with other acidic nucleating proteins, may play a crucial 
role in the process of calcite formation from the Mg**-containing extrapallial fluid 
during the prismatic layer mineralization and may also take part in the process of 
crystalline transition between the two distinct layers, possibly by inhibiting aragonite 
precipitation at the edge of growing shell of the prismatic layer. 


3.5.3.9 In Vitro Depression Activity on Calcium Carbonate 
Precipitation and Crystal Binding Ability 


A series of precipitation assays with or without Prisilkin-39 were conducted. The 
function of Prisilkin-39 on the precipitation rate of calctum carbonate was decided 
by recording the increase of absorbance at 570 nm in a saturated CaCO; solution 
every 30 s for 5 min. The presence of Prisilkin-39 in the saturated CaCO; solution 
led to a significantly decreased rate of precipitation in a dosage-dependent manner 
compared to that of the control (Fig. 3.47a). Considering the inhibitory ability of 
Prisilkin-39 on calcium carbonate precipitation, we examined its ability to bind 
calcium and its transference behavior in calcitum-dependent electrophoresis. There 
is no positive results observed by neither the Stains-All method (Fig. 3.43B, lane 6) 
nor the electrophoretic shift assay (data not shown), suggesting that Prisilkin-39, as a 
basic protein, probably had no affinity to calctum. Whereas, crystal-protein binding 
assays by incubating rhodamine-labeled Prisilkin-39 with crystals indicated that 
fluorescence distributed only on the edges of calcite, while more intense fluores- 
cence reactivity was found on the whole surfaces of aragonite (Fig. 3.48b, c). The 
different binding ability of Prisilkin-39 on aragonite and calcite is consistent with the 
results of in vitro crystallization experiments. At this point, Prisilkin-39 seems to be 
capable of affecting crystal growth by direct binding to a particular surface, 
depending on different crystal phases and different crystal faces. Taking together, 
Prisilkin-39 may thus effect as a crystal binding rather than calcium-binding protein 
during the process of calcium carbonate formation. 


[@ 


Fig. 3.46 (continued) low-dosage anti-Prisilkin-39-injected group. The stair-like growth edge 
became unclear and merged. (d), Amplification of the box in c indicating the coarse surface and 
disordered organization of the tablets. Random stacking of crystals on the original tablet can be 
found (arrows point). (e), SEM image of the inner surface of the shell of high dosage anti-Prisilkin- 
39-injected group. A large amount of low crystallinity of calcium carbonate were accumulated in an 
uncontrolled manner. (f), Amplification of the box in (e) showing the thickened and disorder tablets. 
(g), SEM image of the inner surface of the shell of low-dosage preimmune serum-injected group. 
(h), Amplification of the box in g suggesting the normal shape and smooth surface of these tablets. 
(i), SEM image of the inner surface of the shell of high-dosage preimmune serum-injected group. 
(j), Amplification of the box in I. (k), Energy-dispersive X-ray spectroscopy analysis of the tablet 
(asterisk) in (f). Scale bars, 50 um in a, c, e, g, and i; 5 um in b, d, f, h, and j 
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Fig. 3.47 SEM images of in vitro crystallization experiments with addition of Prisilkin-39 and their 
Raman spectra 

The function of Prisilkin-39 on calcium carbonate crystals growth was examined in two crystalli- 
zation systems. (a-g), Crystallization with 50 mM Mg” in aragonite growth; (a) and (b), Crystals 
are formed with 30 ug/ml BSA as negative control, needle-shaped crystals with large size (arago- 
nites), and small rodlike crystals are boxed and amplified in (b). (c—e), Crystals in the presence of 
30 pg/ml Prisilkin-39 (d and e) are amplified images of the boxed marked in (c) and (d), 
respectively. No aragonite crystals were found, while amorphous gel-like aggregates and nanoscale 
spherules can be found in (e). (f and g), Crystals formed with 15 pg/ml Prisilkin-39. A spherical 
crystal is pointed by an arrow in (f) and amplified in (g). (h-o), Crystallization without Mg” of 
calcite growth. Calcite crystals were formed in the presence of 30 pg/ml BSA in (h), 10 pg/ml 
Prisilkin-39 in (j), 30 pg/ml Prisilkin-39 in (1), and 50 pg/ml Prisilkin-39 in (n). i, k, m, and o are the 
amplified images of the crystal pointed by arrows in h, j, l, and n, respectively. (p-s), Raman spectra 
of the crystals grown in these assays. Scale bars, 100 um in a, c, and f; 50 um in h, j, l, and n; 10 pm 
in b, d, g, i, k, m, and o; 1 um in e 


(a), Variation in the turbidity of the experimental solutions are shown. @, 2 ug/ml 
Prisilkin-39; A, 5 pg/ml Prisilkin-39; a , 10 pg/ml Prisilkin-39. In the in vitro 
crystal-protein binding assay, Prisilkin-39 indicated different binding patterns to 
single calcite (b) and aragonite (c). No fluorescence was observed when equimolar 
BSA and rhodamine were involved (d). Scale bars in b—d, 20 um 
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Reports about the structure-function relationship of matrix proteins and their 
effect in calcification may afford clues to the puzzle of how the shell, an excellent 
mechanical material, grows [111], while only few shell matrix proteins have been 
cloned and identified their roles in mineralization evaluated. A basic difficulty has 
been the existence of a technical obstacle that traditional fractionations usually fail to 
separate and purify matrix proteins, possibly because of difficulty of behaviors in 
gels [112]. Until now, only three proteins, named Prismalin-14, Caspartin, and 
casprismin, have been identified and purified from the prismatic layer of mollusks 
by classical biochemical methods [8, 113]. More recently, the application of molec- 
ular biology techniques promoted the identification of putative transcripts associated 
with mineralization. Indeed, most of the fully known sequences of shell matrix were 
obtained through this strategy [112]. Several genes are suggested to be involved in 
prismatic layer formation in mollusks, but only few molecular evidence has been 
given [9, 17, 114]. Further explores of these genes have been difficult, as recombi- 
nant proteins are quite difficult to construct, presumably as their excessively uneven 
amino acid composition. In the present research, we have cloned a gene encoding a 
novel shell matrix protein from a mollusk with a putative molecular weight of 
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39 kDa, as suggested by SDS-PAGE. Because this protein was found in extracts of 
prisms of P. fucata and represents some silk fibroin-like features of the silk hydrogel 
composition in the mineralization microenvironment [42], we name this protein as 
Prisilkin-39. 

Prisilkin-39 is the second macromolecule until now characterized in mollusks to 
contain capability to bind chitin. So far, the Rebers—Riddiford chitin-binding theory 
is the most widely spread motif in chitin-binding proteins existed in the arthropod 
cuticle [115-117]. Whereas, no such domain is found in any shell matrix protein of 
mollusks. Thus, a different kind of domain should be applicative for matrix proteins 
to bind to chitin directly. One potential region is the Gly/Tyr-rich consensus domain. 
In the N-terminal compartment of Prisilkin-39 (Fig. 3.38), GYS region I is identified 
by 10 tandem repeats of every 12-amino acid sequence GGY(G/S)GY(G/S)YGYP 
(T/A). As far as we know, there are few reports of this kind of motif organization in 
mollusks, just found so far solely in Lustrin A and mucoperlin [74, 75]. Even though 
the significance of the repeated sequence has not been characterized, it may be 
relevant to the regular arrangement of atoms to the repeated structure of polymers in 
the insoluble organic framework including chitin [8, 118]. The predicted secondary 
structure indicated that GYS region I prefers to form f-strand structure. What’s 
more, the Rebers—Riddiford chitin-binding model and the chitin-binding region of 
chitinases are also known to form f-strand structure that could bind chitin 
[95]. Meanwhile, GYS region I showed some resemblance with the other chitin- 
binding sequence in mollusks including the Gly/Tyr-rich region of Prismalin-14, 
related to the Gly/Tyr arrangement. Thus, we presume that the GYS region I of 
Prisilkin-39, along with the hydrophobic sequence before, may possess a structural 
binding domain and participate in the direct interaction with chitin. The data shown 
here is also consistent with the previous work that suggested that the Gly/Tyr-rich 
region might possess a novel chitin-binding motif of molluscan matrix proteins 
[95]. Our further researches on synthesized peptides are currently in progress. 

After the analysis of the amino acid sequence and hydropathy (Fig. 3.39), 
Prisilkin-39 apparently possesses an amphiphilic geometry consisting of an 
N-terminal hydrophobic and a C-terminal hydrophilic domain. On basis of a previ- 
ous study of the matrix protein ansocalcin [111] during eggshell biomineralization, 
this amphiphilic feature facilitates self-assembly, which subsequently can give rise 
to a hydrophilic exterior surface including the basic side chains in the C-terminus 
tail. Such a character may then provide specific interactions with a specific acidic 
protein that was gathered to function as a nuclear factor or with crystal faces 
influencing crystal growth. In addition, the analysis of GYS region II that is more 
liable to posttranslational modifications suggests a quite exquisite structure of this 
peptide is required for functional matrix-matrix or matrix-mineral interactions. 
Whereas, the predicted secondary structure showed that GYS region I is mainly 
composed of random coil, which generally leads to the flexibility and elasticity of the 
molecular conformation. We hypothesize that this character is highly favorable to 
the regulatory activities of Prisilkin-39 during crystallization. 
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Distribution of Prisilkin-39 was found only in the mantle edge but not in the 
mantle pallium or other tissues (Fig. 3.41a), suggesting the involvement of Prisilkin- 
39 in calcite prismatic layer formation when shell grows. This expression pattern 
was further proven by the results of immunofluorescence location in situ and 
immunodetection in vitro. All the results shown above are direct genetic and 
biochemical proof that basic matrix proteins can also participate in the prismatic 
layer construction, even if they had never been successfully extracted and purified 
before. A striking distribution profile of native Prisilkin-39 in the shell was found in 
Fig. 3.45. Before this study, matrix protein in the organic sheet had never been 
cloned and characterized in mollusks. Therefore, observation of Prisilkin-39 in the 
organic sheet, with a drastic crystalline transition between nacreous layer and 
prismatic layer, suggested another possible role of Prisilkin-39 during shell forma- 
tion. It is well known that multifunction is a common feature of many shell matrix 
proteins like Lustrin A [75], MSI60 [6], and nacrein [5], and we assume that 
Prisilkin-39 shares it. In support of this notion, we tested its biomineralization 
function by using both in vivo antibody inhibition experiment and in vitro precip- 
itation of calcium carbonate formation. To explore the crystal precipitation rate, the 
ionic component of the extrapallial fluid of marine mollusks, with a high Mg** 
content (50 mM) compared to Ca’* (10mM), must be taken into consideration. 

Mg** is harmful in solution for calcite precipitation; this is why aragonite crystals 
become main component in Mg”*-rich solutions [96]. Hence, to get an efficient 
process of calcitic prismatic layer calcification, some regulatory factors are needed to 
override this spontaneous condition to form calcite. Therefore, we presume that 
Prisilkin-39 is one of the molecules that effect as a regulator of calcite growth, as our 
results in vitro accordant well with the in vivo detection that Prisilkin-39 showed a 
powerful inhibitory ability on the aragonite precipitation but not of calcite. It is 
noteworthy that the two aspects that Prisilkin-39 takes part in, that is, intercolumnar 
framework formation and aragonite growth depression, are thoroughly consistent to 
the construction of the prismatic layer. Additionally, crystal binding assays 
(Fig. 3.48) further revealed a different binding pattern for Prisilkin-39 to aragonite 
and calcite. Whereas, the regulation of crystal growth should be more complex and 
subtle, and the minute manner by which Prisilkin-39 inhibits aragonite formation has 
yet to be explained. 

How are the prisms with calcite in the growing shell edge of P. fucata formed? 
Even though the mechanism of growth of the prism, especially at the initiation stage 
beneath the inner periostracum, is still unclear, our study proposed here affords 
important clues to these complicated physiological processes. We do think that both 
acidic and basic matrix proteins are both required to function in a cooperative way to 
finish this work. Without a comprehensive model of the prismatic layer construction, 
any imply for the role of Prisilkin-39 must be hypothetical. First of all, basic matrix 
proteins could bind tightly to a chitinous framework to construct a regular platform 
for crystal precipitation. Second, some proteins including Prisilkin-39, according to 
their amphiphilic character, also play an interfacial role by connecting together the 


330 3 Identification (Characterization) and Function Studies of Matrix... 


framework and acidic matrix proteins, which are achieved by basic residues of 
Prisilkin-39. Meanwhile, acidic proteins induce calcite nucleation on the condition 
that the spontaneous nucleation of aragonite and aragonite growth are prohibited by 
Prisilkin-39 at the same mineralization site. Another important aspect to mention is 
that the property and function of Prisilkin-39 we shown here are remarkably 
consistent with that of the silk-like proteins in the shells, which are widely believed 
to possess three basic functions in biomineralization as follows: (1) pre-filling the 
microenvironment formed with two layers of B-chitin; (2) some of these molecules 
are finally fixed into the mineralized framework when shell grow; and (3) they may 
work as an inhibitor and help prevent disordered crystallization at surplus nucleation 
sites. Although silk-like proteins have not been identified in prisms before present 
study, we temporarily infer that the hypothesized model for nacre mineralization by 
Addadi et al. [42] is also to some degree comparable with the prismatic layer 
biomineralization involved in some fundamental steps, 1.e., the chitinous framework 
formation and crystal growth termination. Therefore, according to Marin et al. [119], 
“the classical paradigm in molluscan shell biomineralization was to consider that the 
control of shell synthesis was performed primarily by two antagonistic mechanisms, 
crystal nucleation, and growth inhibition.” We think that Prisilkin-39 takes part in 
growth inhibition. 

Taken together, based on the structural and functional features of Prisilkin-39, we 
hypothesize a molecular model for this protein. This molecule has four functional 
regions. GYS region I, together with the alanine-rich hydrophobic region, constitutes 
a structural domain. They form a f-strand structure and help Prisilkin-39 bind 
directly to chitin and so are mainly responsible for the toughness of the shell 
structure. GYS region II and the basic tail of the C-terminal are predicted to make 
their secondary structure more flexible, and they may bind to certain crystal surfaces 
or acidic matrix proteins neatly regulating mineral deposition by means of specific 
growth inhibition. Further researches on the structure-function relationship, as well 
as antisense RNA assays, are necessary to understand the physiological function of 
Prisilkin-39 during the formation of the prismatic layer of P. fucata. 


3.6 Shell Matrix Protein from Both Prismatic and Nacre 
Layer 


3.6.1 A Novel Matrix Protein Participating in the Nacre 
Framework Formation of Pearl Oyster, Pinctada fucata 


To understand the molecular component is of great interest for both pearl formation 
mechanism and biomineralization in mollusk shell. A cloned cDNA encoding an 
MSI31 analog, termed MSI7 according to its estimated molecular mass of 7.3 kDa, 
was separated from the pearl oyster, Pinctada fucata [71]. This novel protein shares 
resemblance with MSI31, a prismatic framework protein in P. fucata. It is special 
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that MSI7 is much shorter in mass, possessing only the Gly-rich sequence that has 
been proposed to be crucial for Ca2q binding. In situ hybridization result indicated 
that MSI7 mRNA was expressed specifically at the folds and outer epithelia of the 
mantle, suggesting that MSI7 play roles in the framework formation of both the 
nacre and prism. In vitro assay on the function of MSI7 indicated that it induces the 
nucleation and precipitation of CaCO 3. All in all, we have cloned and identified a 
novel matrix protein in the pearl oyster, which may play a key role in regulating the 
texture of nacre. 


3.6.1.1 cDNA Cloning and Sequence Analyses of MSI7 


We isolated seven positive cDNA clones from the cDNA library after screening of 
four rounds. Sequence analyses revealed that one of cDNA clones had a 285 bp open 
reading frame (Fig. 3.49), encoding a 95 amino acid residues protein. The first 
19 amino acid residues of the deduced protein were predicted to be a typical signal 
peptide. The protein contained a hydrophobic core (h-) region of 13 amino acids, 
suggested to be a most essential part indicating for membrane targeting and inser- 
tion. The h-region was flanked by a basic lysine residue at the N terminus and a polar 
(c-) region in its C-terminal side. This structure is also resembled to the known signal 
peptides which were found in proteins processed in the ER and secreted out the cell 
subsequently. Sequence alignment showed the deduced signal sequence of MSI7 
was consistent with the predicted signal peptide of MSI31 except for residues 17. 
The amino acid sequence of MSI7 also shares high homology with MSI31 


GCACGAGGCAGATAAAAGGTCGCGTGCCCAACCACAGTCATGAAACCCTTTGTTACACTC 59 
M K P F VTL 7 
GCAAGCTTGATCGTCTTAATTSCCTCTGTTTCTGCCGGCGGAGATGGTGACTATGGCAAA 119 
A 5 L I ¥ L I A 5 V 5 AJG G D G D Y G K af 
TACGGCGGTGTCAGTTACGGACCTGGCATCAACCTTGGAGGTGSTAGTCTAAGTGCCGGA 179 
Y G G V Ss Y G P G I N L GG G S L S$ AG i/ 
GGAGCTGCTTATCGCGCTTGGAGGCCTCGGAGGCTGGTAGCTCTAGGTGCCGGAGGCGTCGGC 239 
G G V I G L G G V G G G 5 L G A G G V G 67 
CCAGTTGGTGGAATTACCATATGGACTCACCTTTTCACCTGGATATACCTTTTTCATGGA 299 
PV GG#dIiItkIiwtéeiseaAL~L FTW dY¥YdobsééFe da G B7 
TGTTTGATATTCATTTTTTTGCAATAAATGGCCGGGCACATACAARAARARARAAAARAA 359 
C L I F I E L Q . 95 
AAA 362 


Fig. 3.49 The nucleotide sequence of the cloned cDNA and putative amino acid sequence of the 
glycine-rich MSI7 of the pearl oyster, P. fucata. The putative signal peptide was enclosed by 
brackets. The cDNA sequence of MSI7 has been uploaded to GenBank (accession number: 
AF516712) [71] 
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Fig. 3.50 Alignment of the amino acid sequences of MSI7 and MSIJ31. The identical amino acid 
residues were shaded. Alignment gaps of the sequences are shown by dotted lines. Sequence of 
MSI31 was downloaded from GenBank (accession number: D86073) 


(Fig. 3.50). According to the presence of the signal peptide and its high similarity 
with MSI31, MSI7 is suggested to be an extracellular matrix protein. 

The deduced mature MSI7 includes 76 amino acid residues. The protein sequence 
is rich in glycine (35.5%). The second and third abundant amino acids are leucine of 
10.5% and isoleucine of 9.2%. MSI7 has a deduced molecular mass of 7.3 kDa. The 
protein could be divided into three regions that are the glycine-rich region (from Y 14 
to G52), the hydrophilic region (from G1 to S13), and the C-terminal part (from 153 
to Q76). MSI7 has a hydrophilic region in the N-terminal composed by 13 amino 
acid residues. Behind the hydrophilic region, there was a glycine-rich domain of 
39 amino acid residues, which contained three GG and three GGG repeats. The 
C-terminus of MSI7 is a hydrophobic region composing of 24 amino acid residues. 
There is a cysteine residue in this hydrophobic region that may form disulfide bonds 
with cysteine residue from other proteins. No glycosylation site or carbonic 
anhydrase active-site sequence was found in the amino acid sequence. All in all, 
this protein possesses a hydrophobic and acidic character, with a pI of 5.98. 

Search FASTA algorithm with the Swiss-Prot protein database showed lower 
degrees of resemblance of MSI7 and mouse type II cytokeratin 1 (KRT1, accession 
number Swiss-Prot P04104), Petunia (Petunia hybrida) glycine-rich cell wall struc- 
tural protein 1 precursor (GRP-1, accession number Swiss-Prot P09789), human 
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Fig. 3.51 Expression of MSI7 mRNA in the mantle of P. fucata by in situ hybridization. Strong 
hybridization signal is detected in the outer epithelia of the mantle (arrows indicate) and cells 
(arrowheads indicate) in both of the middle fold and inner fold in the mantle. Three overlapping 
pictures of the same section were jointed and provided a whole view of the location of hybridization 
signal in the whole tissue. Original amplification: 25 x 


type I cytokeratin 10 (KRT10, accession number Swiss-Prot P13645), and human 
loricrin (LOR, accession number Swiss-Prot P23490). Keratin plays a role in the 
formation of cytoskeleton, GRP-1 is a structural protein that composes cell walls, 
and LOR participates in epidermal cell envelope [120-122]. 


3.6.1.2 In Situ Hybridization 


To determine the expression of MS17 mRNA in tissues, we used frozen sections of 
pearl oyster. Strong MSI7 mRNA hybridization signals were detected in cells along 
the outer edge of the mantle. 

No hybridization signal was detected at the inner epithelia of the mantle or any 
other tissues. Hybridization with the control sense probe yielded no hybridization 
signal (data not shown). Figure 3.51 shows the MSI7 mRNA is expressed in both the 
dorsal region of the mantle and the mantle edge. Under the basilar membranes, the 
cells with positive signals were detected at the inner side of the middle fold and the 
outer side of the inner fold. This appears to be the first report of matrix proteins 
expressed in the middle fold and inner fold of the mantle. 


3.6.1.3. Expression and Purification of MSI7 [71] 


The coding sequence of oyster MSI7 was inserted into pGEX-4T-1 and incubated in 
E. coli BL21 (DE3). The purified recombinant protein was subjected to SDS-PAGE. 
As Fig. 3.52a had shown, the GST-MSI7 purified by affinity purification with only 
one band observed on the SDS-PAGE. The deduced molecular mass of the band is 
about 33.5 kDa, which is consistent with the calculated molecular mass of the 
GST-tagged MSI7. The purified protein and whole cell of untransformed BL21 


334 3 Identification (Characterization) and Function Studies of Matrix... 


97.0 kDa 


66.0 kDa 


45.0 kDa 


30.0 kDa | GST-MSI7 GST-MSI7 





Fig. 3.52 SDS-PAGE and Western blotting analyses of the recombinant MSI7 protein. (a) 
SDS-PAGE gel image for analysis of recombinant MSI7. Lane 1: protein marker indicating 
molecular mass; lane 2: proteins of whole BL21 (DE3); lane 3: whole proteins of pGEX-4T-ly 
MSI7 induced by IPTG for 4 h; lane 4: purified GST-MSI7 protein. The molecular mass in kDa is 
indicated on the left of the gel and the purified GST-MSI7 is pointed by arrow on the right. (b) 
Western blotting analysis of the expressed MSI7 in different samples. Note the purified GST-MSI7 
represents immunoreactive signal, which is pointed by arrow on the right 


(DE3) were compared via Western blotting analyses with anti-GST rabbit polyclonal 
antibody. Only one visualized band about 33.5 kDa was found which is the 
GST-tagged MSI7 (Fig. 3.52b). 


3.6.1.4 Effect of GST-MSI7 on CaCO; Crystallization 


The pH drops suddenly after CaCl, is added to NaHCO; to form the saturated 
solution. The reason of this sudden change is not clear but was conjectured due to the 
formation of a complex by different ionic species other than nucleation [123]. As 
Fig. 3.53 had shown, the addition of GST-MSI7 in the saturated solution leads to 
sharp decrease of pH suddenly, which is measured by the rapid precipitation of 
CaCO3. In contrast, the nucleation of crystals was occurred after few minutes in pure 
CaCO; solution or in the CaCO; solution with Tris. The addition of GST-MSI7 
obviously led to a much sharper decrease of pH in the saturated solution than with 
GST, indicating that MSI7 has a promotion effect on the CaCO; precipitation. In 
crystallization experiment system, crystals formed with the addition of GST-MSI7 
displayed morphological changes compared with crystals formed in the control 
group (Fig. 3.53a—b); at the same time, crystals formed with the treatment of Tris 
or GST showed no morphological change compared with the natural CaCO; crystals 
(data not shown). What’s more, hexagonal crystals were observed with GST-MSI7 
(Fig. 3.54d). Taken together, these results suggested that MSI7 affected the nucle- 
ation and CaCO; crystals growth. 
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Fig. 3.54 Microscopic images of crystals formed in saturated CaCO3 solution. (a)-(c) Crystals 
grown in the presence of Tris solution, GST, and GST-MSI7, respectively, (100). Note the shape 
changes of the crystals with addition of GST-MSI7. (d) Hexagonal crystal grown with addition of 
GST-MSI7 (magnification, 200 x ) 
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3.6.2 The Structure—Function Relationship of MSI7, 
a Matrix Protein from Pearl Oyster Pinctada fucata 


We previously identified a matrix protein, MSI7, from pearl oyster Pinctada fucata. 
According to the structural analysis, the DGD site in the N-terminal of MSI7 is 
crucial for its role in the shell formation. In this study, we expressed a series of 
recombinant MSI7 proteins, including the wild type and several mutants directed at 
the DGD site, using an E. coli expression system to reveal the structure—function 
relationship of MSI7. Furthermore, in vitro crystallization, crystallization speed 
assay, and circular dichroism spectrometry were carried out. Results indicated that 
wild-type MSI7 could induce the nucleation of aragonite and inhibit the crystalliza- 
tion of calcite. However, none of the mutants could induce the nucleation of 
aragonite, but all of them could inhibit the crystallization of calcite to some extent. 
And all the proteins accelerated the crystallization process. Taken together, the 
results indicated that MSI7 could contribute to aragonite crystallization by inducing 
the nucleation of aragonite and inhibiting the crystallization of calcite, which agrees 
with our prediction about its role in the nacreous layer formation of the shell. The 
DGD site was critical for the induction of the nucleation of aragonite. 


3.6.2.1 Effect of Recombinant MSI7 Protein and Its Mutants 
on Calcium Carbonate Precipitation 


As Fig. 3.55 had shown, GST-MSI7 increased calcium carbonate precipitation rate 
in a dose-dependent way. With high concentration of GST-MSI7, the rate of calcium 
carbonate precipitation sped up gradually, and with 40 pg/ml of GST-MSI7, the 
acceleration effect of GST-MSI7 was remarkable compared with control group 
especially. And all the mutants also could accelerate calcium carbonate precipitation 
rate in a dose-dependent way in a similar way as that of GST-MSI7 (data not shown). 


3.6.2.2 Effect of Recombinant MSI7 Proteins on Crystallization 


To explore the effect of recombinant MSI7 and mutants on the morphology of 
formed crystals in vitro were examined using SEM. Crystals in the control groups 
(with GST only or with no protein) were completely rhombohedral with a typical 
morphology of calcite (Fig. 3.56a). In the presence of 20 pg/ml GST-MSI7, there are 
a fraction of crystals (about 10%) displayed a characteristic cluster needlelike 
morphology of aragonite besides the typical morphology of calcite (Fig. 3.56b, c). 
With the increased concentration of GST-MSI7 (40 and 80 mg/ml), the shape of a 
part of calcite crystals (about 35%) changed gradually (Fig. 3.56d, e). 

With addition of GST-DD, only calcite was found with morphology modified 
drastically. With 10 pg/ml GST-DD, no remarkable effect on the calcite morphology 
was observed (Fig. 3.57a). The function of GST-DD became prominent at a dosage 
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Fig. 3.55 Functions of GST-MSI7 on calcium carbonate precipitation changes in the turbidity of 
the assayed solutions are recorded 


of 20 or 40 pg/ml where all the crystals displayed rounded edges and apparent stairs 
(Fig. 3.57b, c). With a concentration of 80 pg/ml, the morphology of crystals reached 
the most modified level, when the edges and the surfaces of some crystals were 
completely modified with the macro-steps dispreading on the calcite surface widely 
(Fig. 3.57d). The results suggested the effect of GST-DD on the morphology of all 
the calcite is a dose-dependent way. 

With addition of GST-DDD, there are all calcite and the morphology of some of 
calcite (~35%) was modified similar to GST-MSI7 in a dose-independent way (data 
not shown). There is no aragonite induced but some of the calcite (~ 35%) was 
modified like GST-MSI7 in a dose-independent way with GST-DGYD (data not 
shown). The form of various calcium carbonate crystals above was detected by 
Raman microscopy. The needlelike crystals formed with 20 pg/ml GST-MSI7 
displayed characteristic Raman bands of aragonite at 206, 705, and 1085 cm”! 
(Fig. 3.58a), whereas the rhombohedral crystals in all groups shown a characteristic 
Raman bands of calcite at 282, 712, and 1086 cm! (Fig. 3.58b). 


3.6.2.3. CD Spectroscopy 


CD spectroscopy is an effective approach that could explore proteins’ secondary 
structure character in solution. Once interacting with Ca**, some matrix proteins 
present apparent conformational changes to regulate the nucleation, orientation, 
polymorphism, and morphology of calcium carbonate crystals. CD spectra in the 
far-UV region (190-250 nm) were conducted with EDTA or CaCl, (final concen- 
tration of 2.5 mM) to explore the secondary structure features of GST-MSI7 and the 
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Fig. 3.56 SEM images of in vitro crystallization assays in the presence of GST-MSI7. Crystals 
were formed with (a) 20 pg/ml GST; (b) 20 pg/ml GST-MSI7; (d) 40 pg/ml GST-MSI7; (e) 80 ug/ 
ml GST-MSI7; (c) is an amplified image of the boxed part in the (b) 


mutants, with the final concentration of 0.3 pg/ml proteins. As Fig. 3.59a had shown, 
GST-MSI7 is composed of disordered structures and B-sheet; GST-DD is composed 
of mainly disordered structures; GST-DDD has both B-sheet and disordered struc- 
tures; and GST-DGYD is composed mainly of o-helix with B-sheet structures. When 
there is CaCl, not EDTA, all the proteins present conformational changes of 
hypsochromic shifting. Whereas, the conformational transformations of three pro- 
teins (except GST-DGYD) were not significant compared with that of GST as a 
control (data not shown). When EDTA was replaced with CaCl,, GST-DGYD 
present partial unfolding as the a-helix proportion was decreased (Fig. b). 
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Fig. 3.57 SEM images of calcite modified by GST-DD. Calcite crystals formed in the presence of 
different dosages of GST-DD. (a) 10 pg/ml. (b) 20 pg/ml. (c) 40 ug/ml. (d) 80 ug/ml 


3.6.3 A Novel Acidic Matrix Protein, Pf{N44, Stabilizes 
Magnesium Calcite to Inhibit the Crystallization 
of Aragonite 


Magnesium is widely believed to control calcium carbonate deposition in the shells 
of pearl oysters. Matrix proteins in the shell contribute to regulate nucleation and 
growth of calcium carbonate crystals. Whereas, there is no direct evidence proving a 
connection between matrix proteins and magnesium. Herein, we cloned and identi- 
fied a novel acidic matrix protein called Pf{N44 that influenced aragonite formation of 
the shell in the pearl oyster Pinctada fucata. Executing immunogold labeling assays, 
we found the existence of Pf{N44 in both the nacreous and prismatic layers [15]. Dur- 
ing shell repair, Pf[N44 was inhibited, while other matrix proteins were upregulated. 
Repressing the function of Pf{N44 by RNA interference led to the deposition of 
unsmooth nacreous tablets with crystals overgrowth in the nacreous layer. By 
in vitro circular dichroism spectra and fluorescence quenching assay, we found 
that PfN44 could bind to both calcium and magnesium with a stronger affinity to 
magnesium. During in vitro calcium carbonate crystallization and mineralization of 
amorphous calcium carbonate, PfN44 influenced the magnesium content of 
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Fig. 3.58 Raman spectra profile of crystals with different shape. (a) Raman spectrum of an 
individual needlelike aragonite crystal formed with 20 pg/ml of GST-MSI7. (b) Raman spectrum 
of a typical hexahedral calcite crystal 


crystalline carbonate polymorphs and stabilized calcite with magnesium to repress 
aragonite deposition. All in all, our results indicated that by stabilizing magnesium 
calcite to repress aragonite deposition, Pf{N44 participated in the shell formation of 
P. fucata. These results extend our understanding of the links between matrix 
proteins and magnesium. 
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Fig. 3.59 Far-UV CD spectra profile of GST-MSI7 and mutated proteins. (a) Far-UV CD spectra 
of all proteins in the presence of EDTA. The final dosage of proteins is 0.3 mg/ml. The final dosage 
of EDTA is 2.5 mM. (b) Calcium ion resulted in conformational change of GST-DGYD with GST 
as acontrol. The final dosage of proteins is 0.3 mg/ml and the final dosage of calcium ion or EDTA 


is 2.5 mM 


3.6.3.1 Identification and Bioinformatics Analyses of Pf{N44 


We found a transcript exists in both the suppression transcriptome libraries and 
substrate hybridization by searching the mantle tissue transcriptome with suppres- 
sion substrate hybridization library of D-shaped periods [70]. The transcript 
sequence had a tandem repeat domain which is deduced to be a character of matrix 
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Fig. 3.60 Indication of Pf{N44 as a matrix protein. (a), Secondary structure predicted for PfN44. 
Red box, repeated region. (b), Relative tissue-specific gene expression of Pf{N44 via RT-PCR. Total 
RNA was extracted from mantle edge (ME), mantle pallial (MP), gonad (Gon), viscus (Vis), foot, 
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proteins [112]. We identified this 1617 bp transcript (GenBank™ accession number 
KC238310) from mantle tissue cDNA [15]. The sequence included a 5’-untranslated 
region of 75 bp and a 222 bp 3’-untranslated region and an open reading frame of 
1320 bp which coded a protein of 439-amino acid. The deduced protein was 
predicted to contain a signal peptide of 17 amino acids according to SignalP 3.0 
prediction. The mature protein was called as Pf{N44 on the basis of calculated 
molecular mass is 44.1 kDa. Pf{N44 was an acidic protein with a predicted theoretical 
isoelectric point of 4.25 analyzed by ProtScale. The amino acid sequence of Pf{N44 
was only similar to predicted protein CGI_10014775 of the Crassostrea gigas after a 
BLASTp search against the GenBank'™ nr database. Whereas, hypothetical protein 
CGL_10014775 has not been characterized before, so the function of Pf{N44 was 
unclear. Pf{N44 displayed both a-helix and ß-sheet in its secondary structure with 
Jpred prediction (Fig. 3.60a). 


3.6.3.2 Identification of Pf{N44 as a Matrix Protein in the Shell 
of P. fucata 


The expression level of PfN44 in different P. fucata tissues was analyzed 
by qRT-PCR, and PfN44 expression was detected in the viscus, mantle pallial, 
and mantle edge (Fig. 3.60b). The mantle tissue is suggested to be related to 
shell formation that the mantle edge plays roles in prismatic layer formation, and 
the mantle pallial is important for formation of the nacre [124]. These results 
suggested that Pf{N44 take participation in shell formation of both the nacre and 
prism, although that the expression of PfN44 in the viscus tissue have not been 
analyzed thoroughly. 

To investigate whether Pf{N44 exists in the nacreous and/or prismatic layers, 
polyclonal antibodies against recombinant PfN44 were established for 
immunodetection of native Pf{N44 in the shell. EDTA-soluble matrix (ESM) from 
separated nacreous layer and prismatic layer was analyzed by Western blotting. As 
Fig. 3.60c had shown, Pf{N44 was detected in the ESM of both prismatic and 
nacreous layers. On the contrary, no signal was detected without the anti-Pf{N44 as 
a control (data not shown). Pf{N44 protein was also found in the extract of viscus by 
Western blotting (data not shown). The purified recombinant Pf{N44 was analyzed by 
SDS-PAGE stained with Coomassie Brilliant Blue staining, and the purity of 


[9 


Fig. 3.60 (continued) hemocytes (Hem), and adductor muscle (Mus). RT-PCR with no template 
was the negative control group (control). Housekeeping gene GAPDH was used as the positive 
control. (c), Confirmation of Pf{N44 in the shell. Native Pf{N44 exists in EDTA-soluble shell matrix 
by Western blots. Recombinant protein and mantle tissue proteins were also tested as contrast. 
CBB, Coomassie Brilliant Blue. (d), Location of native Pf{N44 in shells by immunogold staining. 
SEM images of prismatic layer prisms and nacreous layer tablets with Pf{N44 in the prism and nacre. 
Control, with no primary antibody. Arrows indicates PfN44 in the shell. QBS-SEM, backscattered 
electron mode scanning electron microscope images [15] 
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recombinant protein was sufficient for studies in vitro (Fig. 3.60c). Proteins 
expressed by P. fucata could be modified posttranslationally by phosphorylation 
or glycosylation, so that we compared the molecular mass of recombinant Pf{N44 
with native protein extracted from mantle tissue. As Fig. 3.60c had shown, recom- 
binant and native Pf{N44 showed a similar molecular mass, suggesting that native 
Pf£N44 was not highly phosphorylated or glycosylated in P. fucata. 

The microstructural location of Pf{N44 in shells was explored using immunogold 
labeling. Slightly notched prismatic layer and nacreous layer were incubated with 
rabbit antibody against Pf{N44 as the primary antibody and 5 nm gold-labeled anti- 
rabbit antibody as the secondary antibody. The white spots in Fig. 3.60d observed by 
scanning electron microscopy in backscattered mode are gold elements. Pf{N44 
existed in the nacreous tablets of the nacre and prisms of the prismatic layer 
(Fig. 3.60d). Staining was not found without antibody against Pf{N44 (Fig. 3.60d) 
or with rabbit preimmune serum as the primary antibody (data not shown) in control 
groups. Taken together, PfN44 existed in shell and might participate in shell 
formation. 


3.6.3.3 In Vivo Function of Pf{N44 During Shell Formation 


To explore the functions of Pf{N44 in shell formation, we conducted experiments in 
which shells were notched until nacreous layer induces shell repair. As Fig. 3.6la 
had shown, gene expression of Pf{N44 increased at 6 h after shell notching conduc- 
tion and then declined. Pf{N44 expression level decreased to approximate 10% at 
48 h after shell notching. We also analyzed expression change of two other matrix 
proteins, lysine-rich matrix protein 3 (KRMP3) and nacrein as positive control. The 
expression nacrein had increased to 135% at 6 h after notching. On the contrary, 
nacrein expression level increased again at 48 h after notching. The expression 
tendency of KRMP3 was resemble to nacrein after notching. 

The in vivo function of Pf{N44 during shell formation was further explored by 
RNAi assay. Synthesized dsRNAs of Pf{N44 were injected into adductor muscles of 
P. fucata to identify the functions of Pf{N44 in shell formation. GFP dsRNA or PBS 
was injected in control groups. Relative mRNA levels of Pf{N44 were analyzed 
7 days after injection. Pf{N44 expression level in the GFP dsRNA-injected group was 
the same as the PBS-injected group, while Pf{N44 expression decreased to about 45% 
in the group with 40 ug of dsRNA and 30% in the group with 80 pg of dsRNA 
(Fig. 3.61b). Both of the prismatic and nacreous layers of the treated groups were 
observed using SEM. The structure of the nacreous layer in the GFP dsRNA-injected 
group exhibited a normal flat nacreous tablet and a stair-like growth pattern 
(Fig. 3.61c). The surface of the nacreous layer of the 40 pg Pf{N44 dsRNA-injection 
group had shown that deposited tablets were porous with the overgrown crystals. 
What’s more, these abnormal nacreous tablets were smaller than normal tablets. 
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Fig. 3.61 In vivo effects of PfN44. (a), Pf{N44 expression during shell notching. Expression of the 
control groups (0 h) gave a relative value of 1.0. The y axis indicated a log standard. (b), Pf{N44 
expression inhibited by double-strand RNA. Control, PBS-injected groups had a relative value of 
1.0. The nontarget control was GFP dsRNA group. Star, significant (p < 0.001) difference 
compared to PBS-injected groups. (c), SEM images of inner surface in nacreous layer. GFP 
dsRNA-injected group indicated normal stair-like growth; 40 and 80 pg of Pf{N44 dsRNA-injected 
groups represented overgrowth. Scale bars, 5 pm. D, SEM images of inner surface in prismatic 
layer. Scale bars, 5 ym 


These changes of the nacreous tablets were more prominent in the 80 pg injection 
group with deposited tablets larger than those normal tablets. The abnormal calcium 
carbonate deposition was out of control of the feedback system when the expression 
of Pf{N44 was extremely deficient, so that in the 80 ug of dsRNA-treated group, the 
deposited tablets were larger than the normal one. The surface of the prismatic layer 
had no obvious change with the interference of Pf{N44 compared with control group 
(Fig. 3.61d). 
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Fig. 3.62 Binding ability profiles of PfN44. PfN44 was marked with rhodamine and then reacted 
with calcite or aragonite. The rhodamine-labeled BSA was added as a control. Scale bars, 20 um. 
109 crystals were examined of which 105 crystals represented the same pattern in the calcite- 
binding assay. 124 crystals were examined of which 114 crystals showed the same pattern as 
represented in the aragonite-binding assay 


3.6.3.4 Binding Ability of PfN44 with Main Shell Components 


To investigate the mechanisms of how PfN44 affected the shell formation, the assay 
of binding ability of PfN44 with the main mineral components of the shell, i.e., 
calcite and aragonite, was conducted [15]. PfN44 labeled with rhodamine was 
incubated with calcite or aragonite, and surfaces of calcite and aragonite were 
labeled with rhodamine indicating there is binding between calcium carbonate 
crystals and PfN44 (Fig. 3.62). 


3.6.3.5 Effect of PfN44 on Calcium Carbonate Crystallization 


In vitro calcite and aragonite crystallization system was used to explore the function 
of Pf{N44 on calcium carbonate crystallization. In the crystallization in vitro assays, 
the effects of proteins were analyzed. The calcite crystallization system without 
magnesium was conducted to investigate the effects of Pf[N44 on calcite formation. 
Crystals deposited in saturated calcium bicarbonate solution were typical calcite 
rhombohedra with 2.5 pg/ml BSA as a control (Fig. 3.63a). The morphology of 
deposited crystal had no obvious change in presence of | or 2.5 pg/ml PfN44. 
Raman spectra analyses indicated that all deposited crystals are calcite (Fig. 3.63b). 

To explore the function of Pf{N44 on aragonite deposition, in vitro crystallization 
assays were conducted with 10 mM magnesium to induce formation of aragonite. 
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Deposited crystals were slightly notched calcite-like crystals and needlelike spindles 
with 10 mM magnesium and BSA as a control (Fig. 3.63a). Raman spectra analyses 
suggested that the two kinds of crystals were calcite and aragonite, respectively 
(Fig. 3.63b). In the presence of | pg/ml PfN44, fewer aragonite crystals were 
deposited with the size decreased compared with the control group. Deposited 
crystals were all calcite with the addition of 2.5 ug/ml PfN44, as distinguished by 
Raman spectra analyses. This result indicated that Pf{N44 could inhibit aragonite 
deposition. To confirm whether Pf{N44 inhibited aragonite deposition, we conducted 
crystallization in vitro assays with 50 mM magnesium, which was sufficient to 
induce all deposited crystals to be aragonite. As Fig. 3.63a had shown, formed 
crystals were all aragonite with a round morphology and needlelike spindles when 
2.5 pg/ml BSA was added as a control. Two kinds of crystals were formed with the 
addition of 1 ug/ml PfN44 in which one was similar to the aragonite deposited in the 
control group and the other was dumbbell-shaped calcite which were confirmed by 
Raman spectra. In the presence of 2.5 pg/ml Pf{N44, deposited crystals were all 
calcites of dumbbell shape. These results indicated that aragonite deposition was 
inhibited by PfN44. 

We also explored the elements of deposited crystals via energy-dispersive X-ray 
spectroscopy. The ratio of Ca**/Mg** decreased in formed calcite with Pf{N44. With 
addition of 10 mM magnesium, the ratio of Ca**/Mg"* was 8.4 in calcite and 
decreased to 5.2 in the presence of 1 pg/ml and 5.13 with addition of 2.5 pg/ml 
Pf£{N44. In crystallization system of 50 mM magnesium, the ratio of Ca**/Mg** in 
formed calcite was 3.2 in the presence of 1 pg/ml Pf{N44. The ratio of Ca**/Mg** 
decreased to 0.92 with 2.5 ug/ml Pf{N44. The increased magnesium content in calcite 
suggested that Pf[N44 could stabilize magnesium calcite to affect calcium carbonate 
crystallization. 


3.6.3.6 Interactions Between Magnesium and P{N44 


To figure out whether Pf{N44 interacted with calcium thus control calcium carbon- 
ate crystallization, we analyzed near-UV CD spectra assay of Pf{N44 with or 
without Ca**. Without calcium (1 mM EDTA), PfN44 showed typical secondary 
structure of a-helix and B-sheet consistent with the prediction of secondary struc- 
ture in Fig. 3.60a. With addition of 1 mM calcium, the peak of the a-helix had no 
change. With 2.5 mM calcium in Pf{N44 solution, the peak of the a-helix at 208 nm 
had a hypochromatic shift. Following with higher dosages of calcium, this CD 
spectrum shift became more obvious. This result indicated that calcium could 
increase the hydrophobicity of the Pf{N44 by forming a more flexible a-helix 
secondary structure of Pf{N44. Carbonate deposition in Mollusca is also related 
to magnesium [125], so that we analyzed the near-UV CD spectra of Pf{N44 along 
with magnesium. The o-helix peak shifted to a shorter wavelength in a dosage- 
dependent manner with 1 mM and higher dosages of magnesium (Fig. 3.64a). Ca** 
could not induce the shift until at 2.5 mM or more, while Mg** could make the blue 
shift at only 1 mM. The shift caused by Mg** could be observed in the presence of 
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Fig. 3.63 Functions of Pf{N44 on crystal growth of calcite and aragonite. (a), SEM images of 
deposited crystals. Amplified images represent crystals indicated by arrows or arrowheads. The 
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lower concentrations Mg** than Ca**, indicating a stronger interaction between 
Mg** and PfN44. To confirm the interaction of Pf{N44 with Ca** and Mg**, we 
conducted the intrinsic fluorescence of PfN44 in the presence or absence of Ca** 
and Mg**. With the addition of 2.5, 5, or 10 uM calcium, the intrinsic tryptophan 
fluorescence of P£{N44 quenched about 5.4%. At the same time, the quenching was 
22.3% with 50 uM calcium and 29.5% with 500 uM calcium (Fig. 3.64b). As 
Fig. 3.64b had shown, quenching of 2.5, 5, or 10 uM magnesium groups was 
higher than quenching of calcium group. Quenching with 10 uM magnesium was 
14.8% higher than that of calctum. However, intrinsic fluorescence was not further 
changed when PfN44 was incubated with 50 or 500 uM magnesium. The intrinsic 
fluorescence no further changed because quenching by magnesium was saturated 
at a definite dosage. The substantial different quenching levels indicated that 
PfN44 had a stronger interaction with magnesium than calcium. 


3.6.3.7 Functions of Pf{N44 on the Transition of ACC to Stable Crystals 


ACC is the precursor of calcium carbonate crystallization in mollusks [126]. To 
figure out how PfN44 inhibited aragonite deposition, we investigated the effect of 
PfN44 in the transition of ACC to stable calcium carbonate crystals. We first 
analyzed the effect of Pf{N44 on the transition process of ACC to the stable crystals 
using FTIR. ACC could transform to calcite and aragonite at 24 or 48 h of 
crystallization in the presence of 50 mM magnesium. Characteristic peaks at 
700 and 854 nm indicated deposited aragonite, and peaks of 714 and 874 nm 
meant calcite. The FITR spectrum of deposited crystals showed only characteristic 
peaks at 717 and 874 nm in the presence of 50 pg/ml PfN44, suggesting that the 
deposited crystals were all calcite (Fig. 3.64c). 

To further analyze the polymorphs of formed crystals, we analyzed the formed 
crystals by X-ray diffraction. ACC transformed to aragonite or Mg”*-bearing calcite 
at 24 or 48 h crystallization with addition of 50 mM magnesium (Fig. 3.64d). There 
was no aragonite formed in deposited crystals when 50 pg/ml Pf{N44 was present in 
the crystallization system. On the contrary, ACC transformed to Mg**-bearing 
calcite of rhombohedral and monoclinic calcium carbonate without magnesium. 
The proportion of Mg**-bearing calcite crystals increased twofold greater than 
crystals amount deposited without Pf{N44. What’s more, the proportion of Mg7*- 
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Fig. 3.63 (continued) control group was added with 2.5 pg/ml BSA. With no magnesium, depos- 
ited crystals were totally calcite. Pf{N44 could not change crystals morphology. With addition of 
10 or 50 mm magnesium, PfN44 induced calcite-like crystals formation and repressed aragonite 
deposition. Crystal compositions were analyzed by energy-dispersive X-ray spectroscopy. 
A aragonitem C calcite. At least 50 crystals images in each spot were observed. The images 
shown in (a) are typical of these crystals. (b), Raman spectra profile of deposited crystals in (a). 
Red lines, crystals indicated by arrows; black lines, crystals pointed by arrowheads 
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Fig. 3.64 Interaction between Pf{N44 and magnesium stabilizes magnesium calcite. (a), Near-UV 
CD spectra of Pf{N44 with (1 mm EDTA) or without calcium or magnesium. Arrows, a-helix peaks 
of 208 nm. Black arrows, native protein; red arrows, proteins with addition of calcium or magne- 
sium. (b), Intrinsic fluorescence of Pf{N44 with (1 mm EDTA) or without calcium or magnesium. 
Representation of IR (c) and X-ray diffraction spectra (d) precipitates in solutions with the indicated 
dosages of magnesium and different crystallization times 
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bearing calcite changed from 15.88 + 0.4% to 11.9 + 0.2% in the absence of 
PfN44 at 48 h (p value = 0.001); no difference with the hypothesis that Mg**- 
bearing calcite is a thermodynamically unstable form. The ratio of deposited Mg”*- 
bearing calcite changed from 65.7 + 1.0% to 69.1 + 0.7% in the presence of Pf{N44 
from 24 to 48 h (p value = 0.0089), indicating that PfN44 stabilized the Mg**- 
bearing calcite and increased its content. These results suggested that, in the transi- 
tion of ACC to the stable crystals, PfN44 stabilized the Mg**-bearing calcite to 
inhibit aragonite formation. 


3.6.4 A Novel Matrix Protein, PfY2, Functions as a Crucial 
Macromolecule During Shell Formation 


Biomineralization, including shell formation, is drastically regulated by matrix pro- 
teins. PfY2, a matrix protein existing in the ethylenediaminetetraacetic acid (EDTA)- 
soluble matrix of both prismatic layer and nacreous layer, was found by our group 
via microarray. It may play dual roles in biomineralization. Whereas, the molecular 
mechanism is still unknown. In present study, we explored the function of PfY2 on 
crystallization in vivo and in vitro, indicating that it might work as a negative 
regulator during shell formation. Notching experiment suggested that PfY2 was 
involved in shell repairing and regenerating procedure. Inhibition of PfY2 gene 
influenced the structure of prism and nacre layer together, confirming its dual roles 
during shell formation. Recombinant protein rPfY2 drastically suppressed CaCO, 
precipitation, contributed to the crystal nucleation process, resulted in the morphol- 
ogy changes of crystals, and inhibited the transition of amorphous calcium carbonate 
(ACC) to stable calcite and aragonite in vitro. Our results may provide new clue on 
the biomineralization inhibition process [127]. 


3.6.4.1 Identification and Bioinformatics Analysis of PfY2 


Current researches suggest that most studied matrix proteins and proteins relevant to 
shell formation could be upregulated by over 20-fold from the umbonal stage to 
juveniles [31]. The full length of PfY2 cDNA sequence (GenBank'™ accession 
number K Y436033) is 493 nucleotide, possessing a 5’-untranslated region of 47 bp, 
an 336 bp ORF encoding a deduced 111l-amino acid protein, and a 110 bp 3- 
‘-untranslated region (Fig. 3.65a). The BLASTx alignment against the GenBank'™ 
nr database indicated that PfY2 showed no resemblance to any known genes in any 
known species, and the function of PfY2 still remained unclear. The deduced mature 
protein had a putative molecular mass of 11.9 kDa. 
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3.6.4.2 The Expression Levels and Distribution Pattern of PfY2 


On one hand, to understand and evaluate the potential effects of PfY2 protein, the 
relative expression of PfY2 in tissues was examined by RT-PCR, such as the foot, 
gonad, gill, mantle pallial, mantle edge, viscus, and adductor muscle. RT-PCR 
expressions showed that PfY2 represented the highest expression level in mantle 
edge, second in mantle pallial (Fig. 3.65b). It is generally thought that mantle tissue 
contributes to shell formation. And the mantle edge is closely relevant with prismatic 
layer, while the mantle pallial is reported to participate in the formation of nacreous 
layer [6, 128]. 

On the other hand, in situ hybridization was conducted as described above to 
detect the specific expression site of PfY2 mRNA in frozen sections of mantle tissue. 
The hybridization signals were found in the epithelial cells from both the outer fold 
and middle fold (Fig. 3.66b). The control group had no significant signals 
(Fig. 3.66a). This result was also accordant with the RT-PCR detection analyses. 

In general, PfY2 expressed in the mantle tissue of P. fucata in particular and very 
likely participated in the formation of both nacreous layer and prismatic layer. 
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Fig. 3.65 Detection of PfY2 as a matrix protein 

(a) The cDNA sequence and putative amino acid sequence of PfY2. The shaded region is the signal 
peptide. Black box indicates the transcription termination site. (b) Expressional analysis of PfY2 in 
different tissues by RT-PCR. Values of RT-PCR are means + standard deviation of three repetition. 
(c) SDS-PAGE of recombinant protein PfY2 at 55 kDa with MBP tag in N terminal. (d) SDS-PAGE 
of MBP protein at 40 kD. (e) Identification of native PfY2 in the shells by Western blotting. The red 
arrow pointed the band of the native PfY2 in shell compositions. EJSMP EDTA-insoluble segment 
from prismatic layer, ESMP EDTA-soluble section from prismatic layer, EISMN EDTA-insoluble 
segment from nacreous layer, ESMN EDTA-soluble matrix from nacreous layer [127] 
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3.6.4.3 Expression and Purification of rPfY2 and rMBP Proteins 


In consideration of the relative low expression level of native PfY2, its recombinant 
expression in vitro looks like to be a viable alternative to study. The recombinant 
protein was sufficiently purified to study in vitro functions (Fig. 3.65c, d). The 
molecular weight of rPfY2 (55 kD) is almost the same to the calculated value 
(PfY2 with His-tag 12 kD plus MBP tag of 40 kD), suggesting that rPfY2 was not 
drastically glycosylated or phosphorylated. Additionally, mass spectrum was exe- 
cuted to reconfirm the protein sequence of rPfY2 (data not shown). We also 
produced and purified rMBP as negative control (Fig. 3.65d) for further function 
research. In this study, the recombinant protein MBP-PfY2 having a His¢-tag in 
C-terminal, rPfY2, was used for further function study. 


3.6.4.4 Detection of PfY2 as a Matrix Protein in P. fucata Shells 


Gene expression level analyses were not enough to ensure that native PfY2 protein 
truly existed in the nacreous layer and/or the prismatic layer. Therefore, we used 
the polyclonal antibody against recombinant protein PfY2 to immunodetect native 
PfY2. As shown in Fig. 3.65e, PfY2 could be found in EDTA-soluble matrix from 
both nacreous layer and prismatic layer by Western blotting. In control groups, no 
signal was identified in the absence of the anti-PfY2. 
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Fig. 3.66 Detection of PfY2 in mantle tissue by in situ hybridization 
(a) Positive signals were pointed by arrows (b). OF outer fold, MF middle fold, /F inner fold. Scale 
bars, 200 um. Negative control group represented no significant signals 
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3.6.4.5 In Vivo Function Study of PfY2 During Shell Formation 
and Repair 


We executed shell notching experiments to explore the roles of PfY2 during shell 
reparation and formation, which also participate in better understanding the compli- 
cated natural shell repair process. The expression levels of PfY2 upregulated 12 h 
after notching, arriving the highest at 36 h. PfY2 expression upregulated to about 
200% of the value before notching. Although slightly reducing occurred in the 
following hours, the expression level of PfY2 still increased compared with the 
negative control group. We also tested the relative gene expression levels of other 
matrix proteins, including KRMP and nacrein, after shell notching (Fig. 3.67a). 
Other than PfY2, the increasing level of the other two proteins shown was much 
more acute. KRMP was upregulated drastically only 6 h after notching, while the 
expression of nacrein did not increased until 24 h later. What’s more, the expression 
level of nacrein kept upregulating over time. In contrast, the expression model of 
KRMP and PfY2 was similar. They both increased immediately after notching, 
underwent a slight decrease, and finally arrived a relative balance stage. 

The effect of PfY2 in shell formation was further studied by RNA interference. 
The microstructures of the shells could be destroyed after the downregulation of 
particular matrix proteins. We synthesized the specific double-strand RNA to knock 
down the expression level of PfY2 by injecting them into the adductor muscles of 
oysters. Oysters in the control groups were injected with GFP double-strand RNA or 
water only. Seven days after injection, total RNA of mantle tissues was extracted and 
the expression level of PfY2 was detected by RT-PCR. The expression level of PfY2 
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Fig. 3.67 In vivo functions study of PfY2 [127] 

(a) The expression of PfY2 after shell notching. Expression of the negative control (0 h) set a 
relative value of 1.0. (b) PfY2 expression inhibited by RNA interference. The expression of 
negative control group of water-injected oyster was set as a relative value of 1.0. The oysters in 
nontarget control group were injected by GFP dsRNA. The expression of PfY2 was significantly 
(p < 0.05) repressed after the injection of specific PfY2 dsRNA with both 60 pg and 80 pg groups 
related with the oysters injected with water. Asterisk indicates significant difference (p < 0.05) 
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in the GFP dsRNA-injected group was resembled to the water-injected group. 
Whereas, the expression of PfY2 was reduced to almost 60% in the group injected 
by 60 ug PfY2 dsRNA and 40% in the group injected by 120 ug PfY2 dsRNA in 
relation to the groups injected with water (Fig. 3.67b). The appearance of both 
prismatic and nacreous layers in all treated groups was detected under SEM. In 
control groups (water-injected group and GFP dsRNA-injected group), prismatic 
layer suggested normal smooth surfaces (Fig. 3.68a—d), with the clear visible edges 
and the regular hexagonal structures of nacreous tablets in nacreous layer 
(Fig. 3.69a—d). Compared to those normal phenotypes, the injection of PfY2 
dsRNAs resulted in the destruction of microstructures in both prismatic layer and 
nacreous layer. The appearance of prismatic layer became rougher and polyporous 
after injecting PfY2 dsRNA (Fig. 3.68e—-h), whereas the shape of the nacreous 
layer was disordered with the overgrowth of the crystals above the nacreous tablets 
proposed to grow normally (Fig. 3.69e—h). These variations in both prismatic and 
nacreous layers were more obvious in the group injected with 120 pg PfY2 
dsRNA, suggesting PfY2’s dual roles in shell repair and formation. 


3.6.4.6 Binding Abilities of rPfY2 with Mineralization Elements 


Interactions with the main shell components including calcite and aragonite are 
one of the most important characters of calcification-related matrix proteins. Thus, 
we explored the binding abilities of rPfY2 with calcite and aragonite to analyze the 
mechanisms of how rPfY2 influenced the shell formation. rPfY2 was reacted with 
prepared calcite and aragonite powders for 12 h. The dosage of every kind of 
protein, including BSA, rMBP, and rPfY2 used in binding assays, was 40 pg/ml. 
No matter in which crystal system rPfY2 was added, it could be found in both 
calcite and aragonite crystals even all the crystals had been washed by water and 
protein storage buffer three times each time (Fig. 3.70a lane 3, Fig. 3.70b lane 3). 
Although rMBP (Fig. 3.70a lane 2, Fig. 3.70b lane 2) was also observed in calcites 
and aragonites, the contents of which had already bound to the crystals were much 
fewer compared to the washing fractions. Taken together, the content of binding 
protein rPfY2 (Fig. 3.70a, lane 3) in calcite system was much more than the rMBP 
(Fig. 3.70a, lane 2) and the BSA (Fig. 3.70a, lane 1) binding to the calcium 
carbonate crystals. Same binding effects also existed in aragonite crystalline 
system meanwhile (Fig. 3.70b). All in all, this binding ability is the foundation 
of matrix proteins’ function on crystal nucleation, crystal polymorphism, crystal 
orientation, and crystal morphology [14, 15, 119, 129, 130]. 


3.6.4.7 Calcium Carbonate Crystallization with Addition of rPfY2 In 
Vitro 


The shell of pearl oyster, P. fucata, is an organic mineral assembly controlled by 
calcium carbonate with organic matrix complex. In vitro calcium carbonate 
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Fig. 3.68 Functions of the inhibition of PfY2 on prismatic layer of inner shells 

(a, b) SEM images of the normal prismatic layers of oyster shells injected with water. (c, d) SEM 
images of the prismatic layers of shells in GFP-injected group. (e, f) SEM images of the prismatic 
layers of shells in 60 pg PfY2 dsRNA-injected group. (g, h) SEM images of the prismatic layers of 
shells in 120 pg PfY2 dsRNA-injected group. (b, d, f, h) represented an enlargement of (a, c, e, g), 
respectively 
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Fig. 3.69 Functions of the inhibition of PfY2 on the nacreous layer of inner shells 

(a, b) SEM images of the natural nacreous layers of shells from oysters injected by water. (c, d) 
SEM images of the nacre surface in GFP-injected groups. (e, f) SEM images of the nacreous layers 
in group injected with 60 ug PfY2 dsRNA. (g, h) SEM images of the nacre surface in shells of 
120 ug PfY2 dsRNA-injected group. (b, d, f, h) exhibited an enlargement of (a, c, e, g) respectively 
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Fig. 3.70 Binding abilities of rPfY2 with shell components 

Lanes 1-3, BSA, MBP, and rPfY2 binding with calcite (a) and aragonite (b) after washed by water 
and protein elution buffer for three times, respectively. Lanes 4—6, surplus unbound BSA, MBP, 
and rPfY2 in first wash segment after reaction with calcite (a) and aragonite (b), respectively. 


crystallization experiment has been widely executed to mimic the biomineralization 
process during shell formation. First of all, we examined the effects of rPfY2 on 
calcite with no addition of Mg?*. In negative control groups, the shape of crystals 
were typical rhombohedra with addition of 80 pg/ml BSA as predicted, Raman 
spectrum indicating they were typical calcite (Fig. 3.7 1a—c). These results agree with 
our previous studies [14, 15, 30]. We also found the morphology and identified the 
crystal morphology via SEM and Raman, respectively, in the MBP group to exclude 
the effects of the tag (80 pg/ml) and found that MBP had no influence on the 
crystallization of calcite (Fig. 3.7le—f). On the contrary, the addition of rPfY2 
changed the shapes of calcite drastically (Fig. 3.71g—o). With the increasing dosage 
of rPfY2 from O to 80 pg/ml, the corners and edges of the crystals changed rounder. 
It seemed like that the calcite crystals assembled and rPfY2 might induce an 
aggregation of crystal particles to some extent. When the dosage of rPfY2 arrived 
to 80 pg/ml, the crystals were transited into a dumbbell morphology (Fig. 3.71m, n), 
which was quite resembling to aragonites observed in aragonite crystallization 
system in vitro. Whereas, the crystal formed had not been changed on the basis of 
Raman spectrum, with the special peaks of 155, 280, 711, and 1085 cm |, 
suggesting that they were still calcites (Fig. 3.711, 1, 0). And those dumbbell-shaped 
calcites were also composed of small calcite crystals with higher magnification, just 
like the crystals grown with the addition of the lower dosage of rPfY2 (Fig. 3.71n). 
Those results suggested that rPfY2 could directly regulate the growth and morphol- 
ogies of calcite, indicating its significance during the biomineralization procedure. 

Then magnesium was added into the crystallization system to induce aragonite 
formation, the main composition of the nacreous layer. The typical aragonites were 
precipitated crystals mixed with needlelike spindles, whereas, the introduction of 
rPfY2 did not change the shape or crystal form (Fig. 3.72). The effects of rPfY2 
mainly concentrated on affecting the crystal number and size. The scale of aragonite 
crystals became smaller and smaller with the increasing concentration of rPfY2, 
from 30 to 80 pg/ml (Fig. 3.72g—0). Meanwhile, the number of the crystals also 
increased when the concentration of rPfY2 increased. Taken together, we suspected 
that it was reasonable that rPfY2 could participate in the nucleation of aragonite 
crystallization. In conclusion, rPfY2 could both influence the crystallization proce- 
dure of calcite and aragonite in vitro, suggesting its importance and dual roles during 
biomineralization. 
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Fig. 3.71 SEM images of calcite crystallization in vitro with addition of rPfY2 and Raman 
spectrum analyses of crystals 

Crystals formed with addition of 80 ug/ml BSA (a, b); 80 ug/ml MBP (d, e); 30 ug/ml rPfY2 (g, h); 
50 ug/ml rPfY2 (j, k); 80 ug/ml rPfY2 (m, n). (b, e, h, k, n) were the magnifications of the crystals 
pointed by arrows in (a, d, g, j, m), respectively. (c, f, i, 1, o) represented the Raman spectrum of the 
crystals grown with 80 ug/ml BSA (b), 80 ug/ml MBP (e), 30 ug/ml rPfY2 (h), 50 ug/ml rPfY2 (k), 
and 80 ug/ml rPfY2 (n), respectively 
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Fig. 3.72 SEM images of in vitro aragonite crystallization with addition of rPfY2. Crystals formed 
in the presence of 80 ug/ml BSA (a-c); 80 ug/ml MBP (d-f); 30 ug/ml rPfY2 (g-i); 50 pg/ml rPfY2 
(j-1); 80 ug/ml rPfY2 (m-o). The images of medial and right columns were amplificated images of 
the crystals in the center 


3.6 Shell Matrix Protein from Both Prismatic and Nacre Layer 361 














0.36 - 
Buffer 
0.34 s BSA (10 pami) 
MBP (10 pe/ml) 
= rPfV2 (2 pamily 
in O— rPf¥2 (10 pg/ml) 
a 
a 9.30 
i 
= 
S 
i 0.28 
© 
wn 
© 
Z 
< 0.26 
0.24 





time (min) 


Fig. 3.73 In vitro repression of rPfY2 on CaCO; crystallization precipitation 

CaCO; precipitation rate was recorded with the absorbance of crystals of 570 nm. 2 ug/ml rPfY2 
was functional (p < 0.05) to inhibit the precipitation rate 5 min after addition compared with the 
buffer group (the negative control group), and this inhibitory capacity was dose-dependent *, 
p < 0.05; **, p < 0.01 


3.6.4.8 In Vitro Repression Activity of rPfY2 on Calcium Carbonate 
Precipitation 


Regulation in calcium carbonate precipitation is another important effect of matrix 
proteins. And this precipitation rate was recorded with the absorbance at 570 nm. 
This value of all control groups gradually increased and arrived approximately 0.33 
in 6 min (Fig. 3.73). The absorbance values changed significantly after introducing 
rPfY2, yet the changing tendency of MBP group and BSA group was similar as the 
negative control (buffer). The highest absorbance value did not reach 0.31 in the 
presence of 2 ug/ml of rPfY2. In three control groups, the absorbance values 
increased gradually along with time, while it kept decreasing at every minute as 
the content of rPfY2 is increasing. What’s more, it was noteworthy that there is a 
positive correlation between the reducing rate and the dosage of rPfY2. The precip- 
itation rate was significantly inhibited 5 min after the introduction of 2 pg/ml rPfY2 
(p = 0.044), while 10 pg/ml rPfY2 could effectively inhibit this rate only 4 min after 
the mixture (p = 0.039). What’s more, the p value of higher dosage rPfY2 group 
was lower at the same moment. Thus, this inhibitory capacity was dosage- 
dependent [127]. 

After reaction for 24 h, we detected the crystals by SEM and observed that the 
crystal size in the presence of 10 pg/ml rPfY2 was much smaller than those in the 
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control group (Fig. 3.74a—f), when the final dosage of CaCl2 and NaHCO; was 
50 mM. In addition, the edges and corners of the rhombohedral calcite were 
repressed with rPfY2. The length of sides of the crystals was 2—3 um (Figure 3.74e, 
f) on average while the length of sides of calcite in control groups was about 6-7 um. 
What’s more, the number of the crystals increased in the presence of rPfY2, 
suggesting that PfY2 might take part during the nucleation process of crystallization. 


(a) 





Fig. 3.74 SEM images of crystals grown in the crystal growth inhibition assays 

SEM images of crystals grown with 10 pg/ml BSA (a, b); 10 pg/ml MBP (c, d); 10 ug/ml rPfY2 (e, 
f). (b, d, f) were the magnifications of the crystals indicated by arrows in (a, c, e), respectively. The 
final dosage of CaCl, and NaHCO; was 50 mM in (a-f) and 5 mM in (g-i). (g) 10 pg/ml BSA 
group; (h) 10 ug/ml MBP group; (i) 10 ug/ml rPfY2 group. Nearly no crystal had grown in the 
presence of 10 ug/ml rPfY2 when the dosage of Ca?* reduced to 5 mM 
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Whereas, when the final dosage of CaCl, and NaHCO; reduced to 5 mM, nearly no 
obvious crystals had grown compared with the negative control group (Fig. 3.74g-1). 
Taken together, rPfY2 could effectively inhibit the calcium carbonate precipitation 
rate in vitro along with an obvious dosage gradient effect. We proposed that PfY2 
might be a negative regulator participating in calcium carbonate crystallization. 


3.6.4.9 Effects of rPfY2 on Transformation of ACC to Stable Crystals 


ACC is the precursor of main anhydrous polymorphs, calcite, vaterite, and aragonite 
[131-133]. We executed the ACC transition assay to explore the roles of PfY2 
played in the transition of ACC to stable crystals by X-ray diffractometer. All the 
ACC transited to calcite after 4 h in the negative control group and MBP group 
(Fig. 3.75a, b), while rPfY2 inhibited this process. Only 62% of the ACC turned into 
calcite, 38% of them remained to be vaterite in the presence of 50 pg/ml rPfY2 after 
4 h (Fig. 3.75c). And there was no vaterite found in neither of the control groups. 
What’s more, this ratio contained almost unchanged after 24 h (Fig. 3.75f), 
suggesting that rPfY2 could stabilize the formation of vaterite and thus inhibit the 
transition from ACC to calcite. 

With 50 mM magnesium, almost 20% of the total ACC transited to aragonite in 
both MBP and negative control group after 4 h of reaction, and the remaining 
crystals forms were still calcium carbonate (Fig. 3.76a, b). When with the addition 
of 50 pg/ml rPfY2 in the crystallization system, aragonite disappeared in deposited 
crystals and was replaced by calcium carbonate (Fig. 3.76c). After 24 h of crystal- 
lization, almost all of the ACC transited to aragonite in MBP and negative control 
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Fig. 3.75 The influences of rPfY2 on ACC transition to calcite 
XRD was executed to detect the percentage of the crystals form ACC transformed to. The final 
dosage of rPfY2 was 50 ug/ml. Equal MBP was added to the reaction system as a control 
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Fig. 3.76 The functions of rPfY2 during ACC transition to aragonite 
XRD was executed to detect the percentage of the crystals ACC transited to. The final dosage of 
rPfY2 was 50 ug/ml. Equal MBP was introduced to the reaction system as control 


group (Fig. 3.76d, e). Whereas, the addition of PfY2 repressed this process, and only 
40% of the ACC transited to aragonite (Fig. 3.76f), suggesting that rPfY2 could 
stabilize calcium carbonate and repress the transition of ACC to aragonite. 

PfY2 was detected as a potential matrix protein candidate by microarray of the 
global gene expression profiles in larval development of P. fucata in our previous 
study. Most known genes involved in biomineralization, including nacrein, ACCBP, 
Pearlin, KRMP, PfY2, etc., showed resemble expression model under which all of 
them increased significantly in juveniles [31]. Accordingly, the initial shell with 
typical structure began to shape and grow after entering this stage, which is closely 
relevant with the activation of the expression of these genes. A series of genomic and 
biochemical analyses suggested that PfY2 was highly expressed in both mantle edge 
and mantle pallial (Figs. 3.65b and 3.66b). On basis of previous studies, proteins of 
the EDTA-soluble fraction are thought to localize within calcium carbonate crystals 
and contribute to regulate their nucleation, phase, orientation, and morphology, 
while proteins of the EDTA-insoluble fraction are known to localize around calcium 
carbonate crystals and take part in the formation of the shell framework [4, 7, 77, 
134-137]. PfY2 was found in EDTA-soluble segment from both prismatic layer and 
nacreous layer (Fig. 3.65e), indicating its dual roles during the shell formation 
procedure of P. fucata [58]. 

We analyzed the effects of PfY2 in P. fucata adults in vivo by shell notching 
assay and RNAi experiment. Notching brings destruction to shell, mimicking the 
shell formation stage in which biomineralization-related genes increased. The gene 
expression level of PfY2 was upregulated at 12 h after notching, arriving the peak at 
36 h and then with a slight decline in the following hours. In general, the expression 
model of PfY2 suggested its participation and regulation on CaCO; precipitation. As 
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shown in the rate determination experiment of CaCO, precipitation assay in vitro 
(Fig. 3.73) and the transformation of ACC to stable crystals (Figs. 3.75 and 3.76), 
PfY2 clearly influenced crystal deposition and repressed CaCO; crystallization. 
According to these performances, PfY2 presumably worked as a negative regulator 
in biomineralization. As shells cannot grow infinitely, there must be some “safety 
guard” that slows down shell growth, functioning as an inhibitor to repress crystal 
growth and control their morphologies or orientation. Our lab indicated extrapallial 
fluid proteins and some other matrix proteins, including Pf{N44, and played para- 
doxical roles to balance both CaCO3 crystallization and shell biomineralization 
[15, 138]. Therefore, we speculated that the slight increase of the “negative regula- 
tor” PfY2 during shell notching mainly contributed to keep the balance of shell 
growth. RNAi experiment showed that after the inhibition of PfY2, the “negative 
regulator,” many small nacreous tablets with the overgrowth of crystals appeared on 
the surface of nacreous layer (Fig. 3.69e—h). Since shell formation is under the 
regulation of many different matrix proteins, there is no doubt that they effect 
together to contain the balance of shell growth and reparation. Thus, the destroyed 
structures in prismatic layer might be the results of shell overgrowth or shell defects 
made by the disorder of the regulatory network of matrix protein. 

On basis of ACC transition experiment, the content of vaterite in transition 
system was almost unchanged either 4 h or 24 h after the addition of rPfY2 
(Fig. 3.75c, f), consistent with rPfY2’s inhibition effects on CaCO; precipitation 
rate. Whereas, vaterite has not been detected in our animal model P. fucata, while 
there are some reports in other close-related species. A new morphology of vaterite 
was confirmed in lackluster pearls of Hyriopsis cumingii [139]. What’s more, 
vaterites also formed in the unusual shells of Corbicula fluminea [140]. In these 
few reports, vaterite formation in mollusks is usually closely relevant with the 
unusual or abnormal biomineralization. Therefore, we infer that vaterite is a kind 
of transient phase in shell formation, and when its further transformation is stopped, 
it could be detected. This might be the reason why we could not detect vaterite in 
normal shell from P. fucata. And we could speculate that maybe PfY2’s regulation 
on crystallization depends on its stabilization property of this intermediate vaterite 
phase. 

Studies executed on CaCO, mineral interaction domains have found several 
crucial criteria which confirm a CaCO, mineral recognition sequence like the 
presence of hydrogen-bonding donor/acceptor residues (1.e., Ser, Tyr, Gln, Lys, 
Thr, Asn, Arg) suggesting putative sites for carbonate and/or mineral surfaces 
water interactions [83, 141—143]. rPfY2 is a protein rich in Asn, based on which 
we inferred that rPfY2 could interact with CO3% at the first place to recruit ions for 
nucleation locally followed by binding with CaCO3 microparticles, therefore 
inhibiting the growth and assemble of crystal particle. That might be the reason 
why A570 values of the rPfY2 group was lower compared with the control group 
(Fig. 3.73). This could also explain the microparticles assembled in calcite crystal- 
lization assay in Fig. 3.71g—n. In this hypothesis, rPfY2 might increase local dosage 
of ions to stimulate nucleation process when existed in a supersaturation system. 
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Once CaCO; nucleus formed and grown into a certain size, then rPfY2 bound to the 
certain surfaces of CaCO; particles, forming steric hindrance to repress the ions 
absorption process and stop the aggregation of CaCO; particles; therefore the crystal 
growth process was inhibited (Figs. 3.72 and 3.74a—f). What’s more, it is necessary 
for us to assure that when the dosage of Ca** was low enough like 5 mM, rPfY2 
could repress the growth of nearly all crystals (Fig. 3.74g—1). Whereas in increasing 
the dosage of rPfY2 in ACC transition experiments, the binding and inhibitory 
capabilities became stronger, which might restrict the transition from vaterite to 
calcite; thus the unstable vaterite phase could remain for a long time in Fig. 3.75. 

Taken together, these results confirmed that the “safety guard” PfY2 that takes 
part in CaCO; crystallization worked as a negative regulator in this process and shell 
formation. This could also demonstrate that the expression of PfY2 was upregulated 
in juveniles rather than D-shaped stage according to its inhibition on ACC transition, 
which might result in the disruption of the formation of prodissoconch I. Thus, PfY2 
plays a crucial role of sophisticated regulation in the shell formation and 
biomineralization. 

In conclusion, PfY2, a novel matrix protein located in EDTA-soluble matrix from 
both prismatic and nacreous layers, plays crucial roles in shell biomineralization. 
Our results in this work indicate that PfY2 is an important matrix protein participat- 
ing in the regulation of biomineralization. And it is meaningful to reveal the 
inhibition mechanism in shell formation and may give us new inspiration on the 
synthesis of artificial nacre. 


3.7. Extrapallial Fluid Matrix Protein 


3.7.1 A Novel Extrapallial Fluid Protein Controls 
the Morphology of Nacre Lamellae in the Pearl Oyster, 
Pinctada fucata 


The nacre of mollusk shell is known of its superior mechanical abilities and precisely 
controlled biomineralization procedure. However, the question about how mollusks 
regulate the morphology of nacre lamellae remains unknown. Herein, a novel 
38 kDa extrapallial fluid (EPF) protein, referred as amorphous calcium carbonate- 
binding protein (ACCBP), may partially solve this question [144]. Even though 
sequence analysis suggested ACCBP is a part of the acetylcholine-binding protein 
family, it actively contributed to the shell mineralization process. In vitro, ACCBP 
can repress the growth of calcite and induce the amorphous calcium carbonate 
formation. When ACCBP functions were inhibited in vivo, the nacre lamellae 
formed in a screw-dislocation pattern and few crystallinity CaCO 3 precipitated in 
the EPF. Crystal binding assays further suggested that ACCBP could identify 
different CaCO3 crystal phases and crystal faces. With this ability, ACCBP could 
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regulate the morphology of nacre lamellae by repressing the growth of unexpected 
aragonite crystal faces and meanwhile contain the stability of CaCO3-supersaturated 
fluid by ending the nucleation and growth of calcite. What’s more, the crystal growth 
inhibition ability of ACCBP was confirmed to be directly relevant to its 
acetylcholine-binding sites. Our results indicate that a “safeguard mechanism” of 
unexpected crystal growth is inevitable for shell microstructure formation. 


3.7.1.1 Isolation and Characterization of ACCBP [144] 


EPF has the ability to inhibit CaCO; crystalline, and it has been found that the 
organic components of the EPF can effectively inhibit CaCO; crystallization even at 
low dosage. According to our research on EPF, EPF can further delay the transition 
of amorphous calcium carbonate (ACC) which is the most unstable state of CaCO; 
to stable crystals [145, 146]. To explore the abnormal stability of ACC, we isolated 
ACC from the EPF by centrifugation and then decalcified the ACC using EDTA. 
SDS-PAGE analyses of the EDTA-soluble component showed a single 38 kDa 
protein band that didn’t exist in the SDS-PAGE of the EPF (Fig. 3.77). This enriched 
protein was referred to as amorphous calcium carbonate-binding protein (ACCBP). 
A protein band with a molecular mass of about 76 kDa could be observed when the 
HPLC-purified ACCBP was subjected to a SDS-PAGE gel in unreduced conditions 
(Fig. 3.77). This result indicated that ACCBP might exist as a homodimer under 
native condition. 
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Fig. 3.77 SDS-PAGE of extrapallial fluid proteins and purified ACCBP. SDS-PAGE was 
subjected on 15% acrylamide gels. The gels were dyed with Coomassie Brilliant Blue. Lane 
1, proteins of extrapallial fluid. Lane 2, proteins concentrated in ACC. ACCBP is highly gathered 
(arrow). Lanes 3 and 4, ACCBP purified by HPLC: lane 3, ACCBP under reduced conditions; lane 
4, ACCBP under nonreduced conditions, and the ACCBP dimer can be found (arrow) [144] 
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Partial amino acid sequence of N-terminal of ACCBP (KCDYPEAKLL/ 
KFLLDDYEKL/VRPVP) was obtained by Edman degradation and Western blot- 
ting. According to the N-terminal sequence, 5’-RACE and 3’-RACE were conducted 
to obtain the cDNA sequence of ACCBP (GenBank! accession no. DQ473430). 
The 930 bp cDNA sequence encoded a 240-amino acid residues protein with a 
typical transcription termination sequence (AATAAA) which verified the integrity 
of the cDNA sequence (Fig. 3.78). The mature protein excluding signal peptide 
starts with Lys and has a calculated molecular mass of 24,389 Da. 

The sequence analyses of ACCBP suggested that it is an acidic protein with a 
predicted pI of 4.56 and is rich in Asp and Glu (acidic residues) at nearly 16%. However, 
compared with many other matrix proteins separated from the shell matrix of bivalves 
like Caspartin, ACCBP is not rich in Asx and has high mol property of positively 
charged residues (Arg + His + Lys ~11%). In fact, the amino acid component of 
ACCBP is average in any residue except for Asp and Leu (~11%) which are the most 
abundant residues. The BLAST search against GenBank’™ indicated that ACCBP has 
30% sequence similarity with the extracellular ligand-binding region of the «7 nicotinic 
acetylcholine receptors (nAChR) of Drosophila melanogaster (Fig. 3.78). ACCBP has 
the residues sequence which is conserved in nAChRs, including those residues 
suggested to be involved in acetylcholine (ACh)-binding protein, and the disulfide 
bond is formed by adjacent cysteine residues Cys195 and Cys196, as well as the 
conserved cysteine loop region constituted between Cys133 and Cys145 [147]. There 
have been many reports about the soluble analog of the extracellular domain in the 7 
nAChR [148, 149], like the ACh-binding protein (AChBP) separated from the glia cells 
of Lymnaea stagnalis [148]. AChBP is reported to modulate neuronal synaptic trans- 
mission actively. Other than the «7 nAChR and AChBP, ACCBP could form a 
homodimer by a disulfide bond between Cys2 residues of two proteins (data not 
shown) and has two predicted glycosylation sites at Asn29 and Asn184. 
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Fig. 3.78 Amino acid sequences of ACCBP and alignment with the acetylcholine-binding region 
of the «7 nAChR and AChBP. The amino acid sequences of ACCBP were compared with that of 
the acetylcholine-binding region of the «7 nAChR (D. melanogaster) and AChBP (Lymnaea 
stagnalis). Orange shaded, residues conserved in the nAChR family; gray, homologous residues 
of the three proteins; purple arrows, residues considered to participate in acetylcholine binding; blue 
box indicates potential N-glycosylation sites 
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Expression of ACCBP in different tissues reveals that ACCBP exists mainly in 
the extrapallial fluid and hemolymph with some detected in the adductor muscle 
(Fig. 3.79a). Although qRT-PCR analyses of ACCBP gene expression suggest that 
ACCBP is expressed in the mantle, the viscus, and the adductor muscle (Fig. 3.80), 
there is no positive signal observed in the viscus and the mantle by Western blotting 
(Fig. 3.79a). On the contrary, ACCBP was detected weakly by Western blotting of 
extracts from mantle and viscus which were enriched with ACC (data not shown). 
This result might be explained as follows: ACCBP is secreted out to the body fluid 
once ACCBP is synthesized in these tissues which cause low content of ACCBP to 
be detected on Western blotting with equal quantities of whole extract proteins. 
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Fig. 3.79 Western blotting analyses of ACCBP and rACCBP. SDS-PAGE was subjected on 12% 
acrylamide gels. (a), Tissue location analysis of ACCBP. Lane 1, soluble extract matrix of the 
viscus; lane 2, soluble extract matrix of the mantle; lane 3, soluble extract matrix of the adductor 
muscle; lane 4, EDTA-soluble matrix of shells; lane 5, EDTA-insoluble matrix of shells; lane 
6, total proteins extracted from the EPF; lane 7, soluble extract matrix of the gill; lane 8, total 
proteins extracted from the hemolymph. (b), Blast of ACCBP and rACCBP. Lane 9, ACCBP. Lane 
10, rACCBP; arrow indicates unreduced rACCBP homodimer. Lane 11, TFMS-treated ACCBP. 
Lane 12, TFMS-treated rACCBP. (c), Analyses of ACCBP and rACCBP with biotin-labeled 
concanavalin A. Lane 13, ACCBP is not identified by biotin-concanavalin A; lane 14, rACCBP 
is identified by biotin-concanavalin A 
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Fig. 3.80 RT-PCR analyses of ACCBP in different tissues. RT-PCR was executed on RNA 
extracted from viscus, mantle, gill, adductor muscle, and hemocytes. GAPDH was detected as the 


positive control. Specific primer designed for ACCBP and GAPDH are shown under “Experimental 
Procedures” 
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3.7.1.2 Effect of ACCBP on CaCO, Crystallization In Vitro 
and Interaction Between ACCBP and Calcite 


To investigate whether ACCBP contributes to stable ACC in the EPF, we conducted 
crystal growth experiments in vitro. The formation of calcite can totally inhibit with 
just 0.2 uM ACCBP. The infrared spectra of all reagents show broad v1 and v2 
absorption peaks of ACC at 864 and 1070 cm™', respectively. The v3 band split is 
around 1450 cm~', which suggests that only ACC is present (Fig. 3.81f). 
S.E. images displayed that the ACC precipitate was controlled by uniform spherical 
particles of 200—300 nm diameters, though there are particles as small as 50 nm in 
diameter (Fig. 3.81a, b). ACC will transform to a more stable crystal phase rapidly in 
water via dissolution of itself and formation of the stable phase under normal 
conditions [145, 146]. The stability of ACC can be maintained by delaying the 
dissolution of ACC or inhibiting the nucleation and growth of the stable crystals 
[150, 151]. The concentration of Ca** was adjusted to 8 mM in this experiment 
which meant one ACCBP molecule needs to stabilize 40,000 CaCO; molecules to 
stabilize ACC by inhibiting the dissolution of ACC like polycarboxylates and 
covering the whole surface of ACC particles [151]. The average molecular mass 
of polycarboxylates is ~70 kDa, resembling to the molecular mass of ACCBP dimer. 
Compared with the function ratio of polycarboxylates to Ca** (~1:1750), the 
function of ACCBP was far more effective. The stabilization mechanism of ACC 
by ACCBP was further studied with calcite growth inhibition experiment. As 
Fig. 3.82a, b had showed, ACCBP could rapidly inhibit the newly emerging calcite 
growth which suggests ACCBP could inhibit the growth of the more stable crystal of 
CaCO; and stabilize the intermediate state ACC consequently. 

The interaction between ACCBP and calcite was further analyzed with a series of 
crystal binding assays. RA-a-Bgt (a-Bagt, a specific blocker of nAChRs [152]) was 
introduced to visualize ACh-binding site of ACCBP. Incubated RA-a-Bgt-labeled 
ACCBP with freshly synthesized calcite in a solution of saturated CaCO; has been 
identified by Raman spectra. BSA and RA-a-Begt at the same dosages were used as a 
control. Fluorescence distributed on the total surface of the calcite in the ACCBP 
added groups at | h after incubation (Fig. 3.83a) but wasn’t detected on those of the 
control groups (Fig. 3.83f). To affirm the above results, natural ACCBP was labeled 
with rhodamine directly and reacted with CaCOsz crystals as above. As Fig. 3.83b 
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Fig. 3.81 In vitro crystal growth assays. (a), When 0.2 uM ACCBP was added, only spheres of 
amorphous calcium carbonate were found in S.E. images. Bar scale, 10 um. (b), Amplification of 
the box in (a). Bar scale, 1 um. C, When the 0.2 um ACCBP and 0.4 um a-Begt were added, different 
morphologies were found. Some crystals, around 50 pm in diameter, indicated (arrow). Bar scales, 
200 um. (d), Amplification of the box in (c). The shape of some crystals was obviously different 
from typical ACC and much bigger in diameter (arrows). Bar scale, 5 um. (e), Raman spectrum 
analyses of the crystal pointed with an arrow in (c) before S.E. images. The inset spectrum is the 
Raman spectrum of formed calcite. The inset figure is the crystal represented under white light 
before motivated with the laser. (f), Infrared spectrum of the segments of in vitro crystal growth 
experiments. a, 0.2 um with ACCBP; b, with 0.2 um ACCBP and 0.4 um BSA; c, with 0.2 pm 
ACCBP and 0.4 um a-Bet; d, with 0.2 um BSA 
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had shown, same binding patterns as the RA-a-Bgt-labeled ACCBP occurred. Taken 
together, it appears that ACCBP can inhibit the growth of calcite by coating its 
whole surface. 


Fig. 3.82 Crystal growth 
inhibition assays. (a, c, and 
e), Calcite seeds had grown 
on a glass slide. Bar scales, 
100 um. (b), The same 
visual field with A 24 h after 
adding 0.2 um ACCBP. Bar 
scales, 100 um. (d), The 
same visual field with C 24 h 
after adding 0.2 um ACCBP 
and 0.4 pm a-Bet. Bar 
scales, 100 um. (£), The 
same visual field with E 24h 
after adding 0.2 um BSA. 
Bar scales, 100 um 






3.7.1.3. Functions of ACCBP in Nacre Mineralization and Interaction 
Between ACCBP and Aragonite 


ACCBP is expressed by the mantle and locates mainly in the EPF (data not shown). 
As nacre formation is a crystalline process that occurs in the EPF, the functions of 
ACCBP as a CaCOs3 crystalline inhibitor became an interesting question in this 
process. Purified polyclonal antibody against ACCBP (anti-ACCBP) was then 
injected into the extrapallial space of P. fucata at quantity of 0.5 g or 1.5 g of protein 
per gram weight of oyster every day. The same dosage of preimmune serum of rabbit 
was injected as a control. The oysters were collected and the inner surfaces of the 
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Fig. 3.83 Crystal binding assays of ACCBP and rACCBP. (a), Binding models of 
RA-o-Bgt-labeled ACCBP. Bar scales, 10 um. (b), Binding models of RA-ACCBP. Bar scales, 
10 pm. (c), Binding models of RA-rACCBP. Bar scales, 10 pm. (d), Binding models of 
RA-o-Bgt-labeled rACCBP. Bars, 10 pm. (e), Binding models of rACCBP labeled with both 
a-Bgt and RA-o-Bgt (molar ratio 9:1). Bar scales, 10 pm. (f), No fluorescence was found when 
adding equimolar BSA and RA-a-Bet. Bar scales, 10 um 


nacreous layers were observed by S.E. 5 days later after injection. In low dosage 
group, the nacreous lamellae were obviously overgrown as a screw-dislocation 
pattern (Fig. 3.84e and f). In high dosage group, there is a large amount of low 
crystallinity precipitation on the nacreous lamellae (Fig. 3.841, j). Elemental analyses 
showed that these precipitations are CaCO; (data not shown). The lamellae surface 
appeared rough (Fig. 3.84m-—p) and jagged at the margins (in the high dosage group, 
Fig. 3.840 and p) compared with the untreated oyster in the control groups 
(Fig. 3.84a and b); these changes were unconspicuous compared with that in the 
antibody-treated groups (Fig. 3.84e, f, 1, and j). These results indicate that lamellar 
aragonite growth was disturbed to some extent after the function of ACCBP was 
inhibited. What’s more, the CaCO3-supersaturated EPF changed into so unstable 
that a large amount of low crystallinity CaCO; occurred. 

To identify the abnormal structures of nacre from the anti-ACCBP-injected 
groups which were directly related to the inhibition of ACCBP functions, the 
nacre from the untreated oysters (N-nacre), the low dosage oysters (L-nacre), and 
the high dosage oysters (H-nacre) were incubated with RA-ACCBP. As Fig. 3.84c 
had shown, fluorescence cannot be detected on the inner surface of N-nacre. On the 
contrary, strong fluorescence was observed on the nacre from L-nacre and H-nacre, 
but the location was restricted to the abnormal structures on the nacre (Fig. 3.84g, h, 
k, and 1). These results suggest that the abnormal structures are bound by ACCBP 
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Fig. 3.84 The function of antibody against ACCBP on nacre lamellae growth. (a), S.E. images of 
the inner surface of normal shells nacre from the oyster, P. fucata (N nacreous layer). The stair-like 
growth model of nacre can be observed. Bar scales, 50 um. (b), Amplification of the box in (a). Bar 
scale, 5 um. (c), N-nacre and formed calcite were mixed with RA-ACCBP and detected under a 
fluorescence microscope. ACCBP could not bind to the nacre surface, while could bind to the 
synthesized calcite (arrow indicates). (d), The accordant image of (c) with white light. Bar scale, 
50 um. (e), S.E. image of the inner surface of nacre from the low dosage group (L-nacre). The 
lamellae are significantly larger than normal and screw-dislocation patterns can be seen (arrow 
indicates). Bar scale, 50 um. (f), Amplification of the box in (e). Bar, 5 um. (g), L-nacre was reacted 
with RA-ACCBP. When motivated at 535 nm, strong orange fluorescence shined on the disordered 
structures. (h), The corresponding image of G with white light. Bar scale, 50 um. (i), S.E. image of 
the inner surface of nacre from the high dosage group (H-nacre). Many low crystallinity CaCO; 
formed on the nacre lamellae. Bar scale, 50 um. (j), Amplification of the box in (i). Bar scale, 5 um. 
(k), H-nacre was added with RA-ACCBP. When motivated at 535 nm, fluorescence arose on the 
low crystallinity CaCO; segment while not arising on the normal lamellae. (1), The accordant image 
of (k) with white light. Bar scale, 50 um. (m), S.E. image of the inner shell surface from the control 
group of low dosage. (n), Amplification of the box in (m). Bar scale, 5 um. (0), S.E. image of the 
inner shell surface from the high dosage control group. The stair-like growth model was inhibited. 
Bar scale, 50 um. (p), Amplification of the box in (0). Margins of the lamellae became zigzag. Bar 
scale, 5 um 


and growth of nacre is inhibited at an early stage. However, ACCBP does not 
influence normal nacre lamellae growth. This result also explains why the quantity 
of ACCBP of the shell matrix is so few that no ACCBP detected via Western blotting 
of total matrix proteins (Fig. 3.84a). The nacre binding assays suggested that 
ACCBP could interact with aragonite (the crystal phase in nacre) rather than calcite. 
Hence, we labeled the ACCBP as above and interacted with synthesized aragonite. 
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Interestingly, the binding of ACCBP on aragonite was mainly limited to the needle- 
like region rather than on the surface of calcite (Fig. 3.84a—c). The phenomenon 
suggests that ACCBP could recognize different CaCO; crystal forms and crystal 
faces. ACCBP might be able to inhibit undesired crystals growth and thereby modify 
the surface of nacre lamellae with this capacity. 


3.7.1.4 ACCBP Crystal Growth Inhibition Capacity Related 
to the Acetylcholine-Binding Site 


ACCBP has an ACh-binding site same as that of «7 nAChRs and AChBP, but the 
functions of ACh-binding site were in a totally different way from them. It is of 
interest to explore the role of the ACh-binding site in function of ACCBP. In crystal 
binding assays, after ACCBP was incubated with calcite or aragonite and the 
RA-a-Bgt was added 1 h later, no fluorescence was detected (data not shown). 
This observation indicates that, when ACCBP adheres onto a crystal, the 
ACh-binding site is not accessible to the a-Bgt; therefore, the ACh-binding site 
was important for ACCBP function. In further studies, when crystal growth in vitro 
assays were performed with a compound of ACCBP and a-Begt at 1:2 at molar ratio, 
S.E. images suggested that the CaCO, precipitates mainly remained amorphous 
without uniform size as the crystals formed with addition of ACCBP alone 
(Fig. 3.81c, d). Many nonspherical crystals much bigger than typical ACC exist. 
There are also a few huge spherical crystals with diameters of ~50 um. Raman 
spectra of these huge crystals exhibited characteristic peaks at 280 cm™!, 712 cm’, 
and 1084 cm™! of calcite (Fig. 3.81e). The peaks are broad and weak and the 
baseline is high because of the low crystallinity. FTIR spectrum of the precipitate 
shows the characteristic v2 absorption peak of calcite at 875 cm™!, but the rest of the 
spectrum shows typical bands of ACC (Fig. 3.81f). This spectrum suggests the 
presence of multiple crystal polymorphs. There was no peak shift observed when 
BSA replaced a-Bet (Fig. 3.81f). In a crystal growth inhibition assay, a-Begt inhibits 
the capacity of ACCBP of inhibition of crystal growth (Fig. 3.82c, d). Therefore, 
a-Bet has a function on the ability of ACCBP to affect crystal growth. What’s more, 
a-Bgt has no obvious influence on the binding of RA-rACCBP or RA-ACCBP to 
crystals in an experiment like that of Fig. 3.83 (data not shown). All in all, these 
results suggest that the ACh-binding site does not influence the binding of ACCBP 
with crystals but has functions in crystal growth inhibition. 

Although rACCBP could interact with CaCO; crystals in the same way as 
ACCBP (Fig. 3.83c) and decreases the calcite growth rate obviously (Fig. 3.85d, 
e), it cannot inhibit the formation of calcite effectively (Fig. 3.85a, b). These results 
indicate that the effect of the ACh-binding site of rACCBP may be prevented. 
What’s more, in the crystal binding experiments, we found that, even mixed with 
RA-a-Bet for as long as 24 h, the RA-a-Bgt-labeled ACCBP experiment group 
(Fig. 3.83a) was heterogeneous and the fluorescence was much weaker than that of 
rACCBP group (Fig. 3.83d), which was incubated with RA-a-Bgt for only 1 h with 
the same concentration. As mentioned above, a-Bgt has no obvious effect on the 
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Fig. 3.85 In vitro crystal growth experiments with rACCBP. (a), S.E. micrograph of CaCO; 
crystal growth in the presence of 0.2 um rACCBP. Bar, 200 pm. The inset is an enlargement of 
the box. Bar, 20 um. (b), S.E. micrograph of CaCO; crystal growth in the presence of 0.2 um 
ACCBP and 0.4 um a-Bet. Bar, 200 um. The inset is an enlargement of the box. Bar, 20 um. (c), 
S.E. micrograph of CaCO; crystal growth in the presence of 0.2 ym BSA. Bar, 200 um. The inset is 
an enlargement of the box. Bar, 20 um. (d), Fluorescence micrograph of CaCO; crystal growth in 
the presence of 0.1 um rACCBP labeled with RA-a-Begt. The crystals containing bound rACCBP 
(with orange fluorescence) are smaller than crystals lacking bound rACCBP (without fluorescence). 
Bar, 100 pm. (e), The corresponding image of D under white light. (f), Fluorescence micrograph of 
CaCO; crystal growth in the presence of 0.1 um RA-o-Bgt and 0.1 um BSA. The sizes of the 
crystals are nearly uniform, and no fluorescence can be seen. Bar, 100 pm. (g), The corresponding 
image of (f) under white light 


crystal binding abilities of ACCBP, so the heterogeneous and weak fluorescence of 
RA-a-Bgt-labeled ACCBP might be caused of ineffective labeling of ACCBP with 
RA-a-Bgt compared with the labeling of rACCBP. To confirm this prediction, the 
crystal binding assays were conducted with rACCBP labeled with both RA-a-Bgt 
and a-Bet (molar ratio ~9:1). The results suggested that the fluorescence of partially 
labeled rACCBP group (Fig. 3.83e) was much weaker and heterogeneous compared 
with the fully labeled group, while resembling to RA-a-Begt-labeled ACCBP group. 
Taken together, the weak fluorescence of ACCBP group labeled with RA-a-Bet 
might be related to lower binding ability of RA-a-Bgt to the natural protein. 
What’s more, a significant difference between rACCBP and ACCBP is their 
different migration patterns on SDS-PAGE. As Fig. 3.79b had shown, the molecular 
mass of rACCBP is about 34 kDa which is smaller than ACCBP. When natural 
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rACCBP and ACCBP were treated by TFMS, the molecular masses of these 
molecules were reduced to the same size (Fig. 3.79b). Therefore, the major post- 
translational modifications of native ACCBP are glycosylation, while concanavalin 
A recognizes rACCBP only but not native ACCBP (Fig. 3.79c). What’s more, the 
two bands of rACCBP were shown because of the different glycosylation on Asn184 
(data not shown). The results here suggest that both the component of the posttrans- 
lational modifications and the size of rACCBP and ACCBP are different. Some 
modifications of the native protein might cause the structure of the ACh-binding site 
of ACCBP different from that of the rACCBP and less accessible to a-Bgt. The 
different structure of the ACh-binding site consequently leads to the different 
inhibition activity in the crystal growth of native ACCBP and rACCBP. 


3.7.2 Structural Characterization of Amorphous Calcium 
Carbonate-Binding Protein: An Insight into 
the Mechanism of Amorphous Calcium Carbonate 
Formation 


ACC (amorphous calcium carbonate) plays an important role in biomineralization 
process for its function as a precursor for calcium carbonate biominerals. However, it 
is unclear how biomacromolecules regulate the formation of ACC precursor in vivo. 
In the present study, we used biochemical experiments coupled with bioinformatics 
approaches to explore the mechanisms of ACC formation controlled by ACCBP 
(ACC binding protein) [153]. Size-exclusion chromatography, chemical cross- 
linking experiments, and negative staining electron microscopy reveal that 
ACCBP is a decamer composed of two adjacent pentamers. Sequence analyses 
and fluorescence quenching results indicate that ACCBP contains two Ca*-binding 
sites. The results of in vitro crystallization experiments suggest that one Cat- 
binding site is critical for ACC formation and the other site affects the ACC 
induction efficiency. Homology modeling demonstrates that the Ca**-binding sites 
of pentameric ACCBP are arranged in a fivefold symmetry, which is the structural 
basis for ACC formation. To the best of our knowledge, this is the first report on the 
structural basis for protein-induced ACC formation, and it will significantly improve 
our understanding of the amorphous precursor pathway. 


3.7.2.1 ACCBP Is a Decamer Consisting of Two Adjacent Pentamers 


To investigate the mechanism of ACC formation with the addition of ACCBP, the 
recombinant ACCBP of oligomeric state, which is as active as the native protein 
(data not shown), was studied. As Fig. 3.86a had shown, size-exclusion chromatog- 
raphy indicates that the elution volume of ACCBP is 7.68 ml, meaning that the 
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apparent molecular weight of ACCBP is about 270 kDa. The calculated molecular 
mass of monomeric ACCBP is about 27.1 kDa, and ACCBP should work as a 
decamer accordingly [153]. 

SDS/PAGE analyses showed that the apparent molecular weight of monomeric 
ACCBP is about 30 kDa (Fig. 3.86b). After cross-linking assays conducted with 
0.02% glutaraldehyde for 10 and 30 min, there are polymers of ACCBP forms with 
apparent molecular weights of approximately 300, 150, 120, 90, and 60 KDa and 
consistent with a decamer, pentamer, tetramer, trimer, and a dimer (Fig. 3.86c). 
There are two types of dimers: one type is probably formed via cross-linking and the 
other type is formed by an intermolecular disulfide bond of the C2 residues 
according to our previous study. Cross-linking experiments performed with 0.1% 
glutaraldehyde of 10 min show only one higher molecular weight form of about 
300 kDa, suggesting that decamer is a stable state. As the dosage of ACCBP in this 
assay 1s only 50 pg/ml which was detected by Western blots, it is reported that the 
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Fig. 3.86 The oligomeric condition of ACCBP. (a) Size-exclusion chromatography indicating that 
the putative molecular mass of ACCBP is about 270 kDa. mAU milli-absorbance units. (b) 
SDS-PAGE of recombinant ACCBP. Protein marker, protein ladder (Fermentas SM0441). (c) 
Chemical cross-linking of ACCBP analyzed by Western blotting. Marker, protein ladder (Thermo 
Scientific 26625). The higher molecular mass of ACCBP species and their speculated identities are 
shown. In (b) and (c), the molecular mass is kDa is indicated on the left-hand side. (d) Negative 
stain EM image of ACCBP protein. The inset image is a classic particle in a fivefold symmetry. The 
circles show the top view of ACCBP and the squares show the side view of ACCBP. (e) 
Classification of the selected particle images of ACCBP [153] 
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higher molecular weight species not the high concentration and purified on behalf of 
more stable protein—protein interactions. According to these combined data, it is 
summarized that ACCBP exists as a stable oligomer in solution, mainly probably as 
a decamer. 

As ACCBP is a member of the acetylcholine binding proteins which are always 
existed as homopentamers [154], we predicted that ACCBP also assembles as a 
homopentamer in organisms, while the chemical cross-linking data and size- 
exclusion chromatography show that ACCBP exists as a decamer. The negative 
staining EM images helped to explain this difference. As raw negative staining EM 
images had shown, over 80% of the particles are rings with an inner diameter of 
about 2 nm and an outer diameter of about 8 nm, with about 10% of the particles 
composed of two layers, and few particles having lower image contrast indicate a 
pentagon with five subunits (Fig. 3.86d). By dividing these particle images into 
30 groups, we found that there are two distinct categories (Fig. 3.86e). In considering 
the homogeneity of ACCBP indicated by the single sharp peak in SEC, the two 
distinct categories mainly occurring due to different orientations of the protein on the 
carbon film are conceivable. The ringlike classes and the dual layer classes corre- 
spond to a top and a side view of ACCBP. Therefore, these results suggest that 
ACCBP is a decamer composed of two adjacent pentamers. 


3.7.2.2 ACCBP Contains Two Ca**-Binding Sites Which Are Important 
for Its Mineralization Activity 


ACCBP should interact with Ca** ions strongly to induce ACC formation oligo- 
meric. Thus, we then analyzed the Ca**-binding sites of ACCBP. An amino acid 
sequence with aspartic acid residues isolated by one neutral amino acid may 
compose part of Ca** -binding sites [108]. Sequence analyses indicate two poten- 
tial Ca**-binding sites with the domain of D-X-D (X, neutral residue). The first 
predicted Ca**-binding site is composed of amino acid residues 44-48 (DYDSD) 
and the second site is composed of residues 139-141 (DGD) (Fig. 3.87). The first 
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Fig. 3.87 The predicted Ca**-binding sites in the sheet-loop—sheet motifs (a, a-helix; B, B-strand) 
which is indicated under the sequence. The predicted Ca**-binding sites are indicated by square 
boxes [153] 
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predicted Ca**-binding site located at the N-terminal disordered sequence of 
ACCBP, which is suggested to be a site for mineralization activity [155]. 

The secondary structure of ACCBP was predicted by the PSIPRED program 
[156]. The predicted structure of ACCBP is composed of 12 B-sheets and an a-helix 
(Fig. 3.87) with the o-helix located in the N terminus. Both of the two Ca” -binding 
sites are located in abnormal sheet-loop-sheet motifs instead of classical helix—turn— 
helix motifs. The first site appears in the loop region between sheets B1 and B2, and 
the second site locates in the loop region intermediated in sheets B8 and £9. 

We constructed two site-directed mutations, D46S and D139S, to investigate 
whether the predicted binding sites are exactly Ca**-binding sites. Mutations of an 
aspartic acid to a serine residue replace an uncharged hydroxyl by a negatively 
charged carboxyl. These two site-directed mutations then were expected to perturb 
the Ca**-binding capacity of the two sites. The intrinsic fluorescence measured by 
rACCBP, D139S, and D46S mutant indicates that D46S single mutation extremely 
alters the intrinsic fluorescence of the protein; however, the D139S mutation makes 
only slight change of the intrinsic fluorescence (Fig. 3.88a). The reason of large 
change in intrinsic fluorescence by the D46S mutant is that the amino acid next to 
Asp46 is Tyr45, which is fluorophore sensitive to its microenvironment 
[157]. Another supposed reason of this difference is that D46S mutation alters the 
oligomeric state of ACCBP, exposing tryptophan amino acid residues to the solu- 
tion. What’s more, aspartic acid consistently coats the surface of protein because of 
its negatively charged R group along with the mutation of a residue on the surface 
hardly affecting the tertiary structure obviously. It is suggested that neither of the two 
mutations cause a significant change in ACCBP tertiary structure. The presence of 
1 mM Ca** could quench the intrinsic fluorescence of rACCBP by 26% (Fig. 3.88b), 
which is almost the same level of fluorescence quenching induced by 10 mM Ca”*, 
indicating that ACCBP has a strong Ca**-binding ability. With 1 mM Ca**, the 
intrinsic tryptophan fluorescence of the D46S mutant was quenched by 4% 
(Fig. 3.88c), while the quenching level induced by 10 mM Ca** is about 7%. The 
intrinsic tryptophan fluorescence of the D139S mutant was quenched by the addition 
of 1 mM Ca** (Fig. 3.88d), whereas the level of quenching induced about 33% by 
10 mM Ca** is 46%. These extremely different levels of quenching indicate that both 
of the identified sites are Ca**-binding sites. 

In vitro crystallization assays with the site-directed ACCBP mutants indicate that 
both of the Ca**-binding sites are significant for the function of ACCBP. Micro- 
Raman spectra and SEM images show that nearly all the spherical precipitates 
formed in the presence of rACCBP are ACC with diameter of about 25 um 
(Fig. 3.89). The spherical deposits formed with ACCBP look like vaterite morpho- 
logically under the SEM. Whereas, micro-Raman spectra suggest that these pre- 
cipitates are exactly ACC on the basis of the Raman spectra of synthetic ACC and 
synthetic vaterite (data not shown). The results of XRD analyses indicate that the 
precipitate induced by ACCBP is a component of ACC and few calcites with no 
vaterite are detected (data not shown). In our previous study, we have proved that 
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Fig. 3.88 Functions of the D46S and D139S mutations of the tertiary structure and the Ca**- 
binding ability of ACCBP. (a) Intrinsic fluorescence of wild-type (WT) ACCBP protein and its 
mutations. (b) Fluorescence quenching assays executed with 5 uM wild-type ACCBP. (c) Fluores- 
cence quenching assays conducted with 5 uM D46S ACCBP protein. (d) Fluorescence quenching 
assays executed with 5 uM D139S ACCBP. a.u. arbitrary units 


vaterite-like spherical precipitates formed with purified ACCBP isolated from 
extrapallial fluid are ACC [144]. Therefore, we inferred that rACCBP only stabilizes 
ACC and the activity is the same as the native protein. What is noteworthy is that 
when these ACC spherulites transform into vaterite, there will be morphological 
changes in the crystallization experiments in vitro if continued for another 24 h (data 
not shown). As reported before, ACC could transform from vaterite into crystalline 
calcite under the control of phospholipid and polymers [158, 159]. It is conceivable 
that ACC may also transform from vaterite into calcite in the presence of ACCBP. 
Micro-Raman spectra and SEM images also indicate that over 80% of the particles 
formed with D139S mutant are still ACC spherulites with a smaller diameter of 
about 20 um, while almost all the particles formed with D46S mutant are calcite. 
Taken together, the first Ca**-binding site composing of residues 44-48 is key for 
ACC formation, while the second Ca**-binding site including residues of 139-141 is 
important for accelerating ACC formation. 
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Fig. 3.89 SEM images of the in vitro crystallization assay. In vitro crystallization with the addition 
of wild-type ACCBP (a), D139S ACCBP (b), and D46S ACCBP (c). (d) Amplification of a 
classical ACC spherulite shown in (a). (e) Amplification of a typical ACC spherulite indicated in 
(b). (£) Raman spectrum of the precipitates. Spectrum profile indicates the Raman spectrum of an 
ACC spherulite shown in (a). Spectrum profile indicates the Raman spectrum of an ACC spherulite 
in (b). a.u. arbitrary units 


3.7.2.3 The Ca°*-Binding Sites of ACCBP Are Arranged with a Fivefold 
Symmetry, Which Is Essential for ACC Formation 


In the conventional template hypothesis, acidic matrix proteins could control the 
biomineralization process by providing a nucleating template for the crystallization 
system [42]. The negatively charged residues, such as carboxylate of aspartic acids, 
are well arranged to form a highly structured surface to control the polymorph of 
calcium carbonate and interact with the Ca** [160, 161]. The atoms of the crystalline 
phase are organized in a periodic or repeating array over large atomic distances. On 
the contrary, the biogenic ACC phase is short for long-range atomic order and the 
short-range atomic order is not uniform in different ACC samples [162—164]. There- 
fore, ACC cannot be induced by a classical nucleating template. 

Gower and colleagues hypothesized that PILP (polymer-induced liquid precur- 
sor) is an intermediate phase of the ACC precursor [165, 166]. In the PILP hypoth- 
esis, ovalbumin (pI = 4.7), which may serve as a significant stabilization agent for a 
temporary mineral precursor, stabilizes LACC (liquid ACC) by wastage stabilization 
and de-emulsification [167]. ACCBP is also an acidic protein with predicted pl of 
4.62, and it is possible that ACCBP may also induce the ACC precursor by 
stabilizing LACC. Sequence analyses showed that ACCBP contains 24 aspartic 
acid and 10 glutamic acid residues. Both of the single mutations loss only one 
negatively charged residue and change the pI value from 4.62 to 4.68 slightly. Thus, 
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both the mutants could still stabilize LACC by de-emulsification and depletion 
stabilization to induce ACC formation. Whereas, the crystallization experiments 
in vitro show that both the single mutations perturb the function of ACCBP 
obviously (Fig. 3.89). It is convincing that ACCBP could not induce the ACC 
precursor via stabilizing LACC with its negative surface. Whereas, Pipich et al. 
[168, 169] have reported that 2.5 mg/ml ovalbumin could induce ACC formation 
after about 2.5 h in the calcium carbonate crystallization process, and these amor- 
phous particles could transform into crystalline phase after about 4 h. Wang et al. 
[169] have reported that in an experiment of in vitro crystallization, most of the 
deposits induced by 0.5 mg/ml ovalbumin are calcite particles with a coat of ACC 
protein/peptide aggregate. These results of present study suggest that most of the 
deposits induced by 0.5 uM ACCBP are all ACC, and these ACC particles could 
maintain for over 24 h (Fig. 3.89a). In short, ACCBP could induce ACC formation 
more efficiently. Politi et al. [170] also found that Asp-rich proteins isolated from the 
prism of mollusk are more efficient at inhibiting calcite nucleation and could produce 
ACC at lower dosages than poly-Asp of similar size. Almost 27% of amino acids of 
ovalbumin are acidic, while only 15.7% of amino acids of ACCBP are acidic. This 
result suggested that ACCBP could induce ACC formation by its negatively charged 
surface along with the Ca**-binding sites. Therefore, the tertiary structure of the 
protein, especially the distribution of Ca*-binding sites, is crucial for the 
ACC-induction function of ACCBP. 

Homology model was used to support information on ACC formation with the 
addition of ACCBP. The homology model of monomeric ACCBP was first 
constructed. The B chain of a pentameric a-7 nicotinic receptor (PDB code 3SQ6) 
was used as a template because of its high-sequence identity of 32% compared with 
ACCBP. The alignment between these two proteins was then uploaded to the 
SWISS-MODEL Workspace, and the calculated structure of ACCBP was 
constructed by the alignment method. Although the QMEAN Z-score is only 
3.212 because of the low sequence identity, this value means that there are no 
great errors with the structure. The homology modeling results suggest that 
6-sheets of ACCBP compose a barrel-like structure (Fig. 3.90a). These two Cat- 
binding sites are close to one another locally, indicating that they might cooperate in 
controlling ACC formation. Both of the Ca**-binding sites are seated in a flexible 
loop of sheet—loop—sheet motif, suggesting that ACCBP could induce ACC pre- 
cursors by a short-range atomic order. In short, monomeric ACCBP could not induce 
ACC only with the two Ca**-binding sites. 

As ACCBP is a decamer constituted of two adjacent pentamers while its homol- 
ogous proteins are all pentamers, the homology model of homopentameric ACCBP 
was performed with the ligand-binding domain from the pentameric a-7 nicotinic 
receptor (PDB code 3SQ6, sequence identity of 32%). The alignment between these 
two proteins was submitted to the SWISS-MODEL Workspace, and the tertiary 
structure of ACCBP was predicted by the project method. The QMEAN Z-score 
suggests that there are no great errors in the structure. The homology modeling 
indicates that homopentameric ACCBP should be a ringlike structure with an inner 
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Fig. 3.90 Homology modeling of ACCBP monomeric and pentameric. (a) Homology modeling of 
ACCBP monomeric. (b) Homology modeling of ACCBP pentameric. (c) Tilted view of pentameric 
ACCBP. (d) Vertical view of pentameric ACCBP. C C-terminal, N N-terminal 


diameter of ~2.1 nm and an outer diameter of ~7.5 nm, which is accordant with the 
negative staining EM images (Fig. 3.90b). The disordered N terminus is located at 
the bottom side of this protein and is exposed to the solution which could interact 
with other proteins to prompt two pentamers to form a decamer. This may be the 
cause why ACCBP is a decamer instead of a pentamer in solution. ACCBP has a 
predicted glycosylation site at Asn29, and this posttranslational modification could 
prevent the interaction between these disordered sequences. We therefore infer that 
ACCBP is a pentamer in vivo. 

The Ca**-binding sites are found on the highest side of homopentameric ACCBP 
(Fig. 3.90c). These binding sites are organized like an outer equilateral pentagon 
with side length of about 22.37 A and an inner ring in which the distance of adjacent 
Ca**-binding sites is about 11.27, 13.01, and 20.99 A. The distance between the 
contiguous Ca**-binding sites is extremely different from the distance between 
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contiguous calcium ions in ACC which is under 4 A [162]; these Ca**-binding Sites 
of pentameric ACCBP are not arranged in a repeating or periodic way. In short, these 
binding sites cannot form a classical template for ACC nucleating. 

It is convincible to consider that ACC is an amorphous, not a stable, phase. 
According to the rule of symmetry, the crystalline phases display only two-, three-, 
four, or sixfold axes of symmetry. The template of crystalline phase should be 
organized in the same symmetry. ACC is short of such symmetry because of its 
disordered atomic structure, so that the symmetry request of the template for ACC 
would also be different. The homology modeling suggested that both the outer Ca**- 
binding sites and the inner Ca**-binding sites are surprisingly in a fivefold symme- 
try, which is extremely different of the symmetry of the template for the crystalline 
stage (Figure 3.90d). ACCBP could gather Ca~* ions in a limited space because of its 
great Ca**-binding ability. Whereas, a template of fivefold symmetry cannot support 
nucleating template for any crystalline stage. Therefore, the gathered Ca** ions 
would be combined in a disordered structure. ACC is formed when the disordered 
calcium carbonate aggregation grows. Whether the ACC formation starts with a 
metastable liquid phase or prenucleation clusters [166, 171], ACCBP can remain the 
Ca** of the metastable liquid phase in a disordered structure or the prenucleation 
clusters, and then the PILP changes from the liquid to solid phase or prenucleation 
clusters aggregate and then ACC forms. The fivefold symmetry of Ca**-binding sites 
might be the structural basis of the ability of ACCBP to induce formation of ACC. 

The classical template hypothesis suggested that a specific nucleating template 
could induce only one specific crystalline phase in a specific atomic order. On the 
contrary, ACCBP with a fivefold symmetry could only control the symmetry of the 
Ca** ions cluster and induce different ACC precursors of different atomic orders. 
During transformation and transportation, ACCBP could also stabilize ACC con- 
stantly with the atomic order of ACC precursor changes all the time. A fivefold 
symmetry controlling ACC formation is economical and efficient, and it is also 
constituted with the biogenic polyamorphism of ACC and its lasting change during 
the biomineralization process. 


3.7.3, Transformation of Amorphous Calcium Carbonate 
Nanoparticles into Aragonite Controlled by ACCBP 


Polymorph regulation during shells or pearl formation has been an intriguing 
question, especially for those animals of interest for human consumption. The 
polymorph changing of calcium carbonate regulated by amorphous calcium 
carbonate-binding protein (ACCBP) which is an extrapallial fluid (EPF) protein 
from the pearl oyster characterized by our group in 2007 is explored in this research. 
FTIR and TGA analyses indicate that ACCBP could decrease the bound water 
composition of amorphous calcium carbonate (ACC), indicating that ACCBP may 
participate in biogenic anhydrous ACC formation [136]. In vitro crystallization and 
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ACC transition experiments indicate that ACCBP could induce aragonite formation 
by an ACC precursor in Mg/Ca = 1| and Mg/Ca = 2 solutions in low temperature. 
Raman, ICP, FTIR, and XPS analyses of the ACC nanoparticles in the initial stage in 
the ACC transformation assay indicate that this polymorph changing may be regu- 
lated by promoting the surface Mg/Ca ratio of the ACC, rather than by changing the 
bulk Mg/Ca ratio or the short-range ordered structure. These results indicate that the 
polymorph chosen in nacre or pearl growth may be regulated not only by the 
nucleating template of the matrix but also by the physicochemical functions of 
EPF proteins. 


3.7.3.1 ACCBP Induces Formation of Less Hydrated ACC 


The FTIR spectra of ACC formed at O h in the ACC transformation experiment 
indicate that ACCBP could decrease the 3400 cm~'/866 cm’ intensity ratio 
(Fig. 3.9la), suggesting that ACCBP may reduce the bound water content. ACC 
formed with different dosages of ACCBP was further analyzed using TGA 
(Fig. 3.91b). On the basis of the thermal behavior of ACC measured by DSC (data 
not shown) and the data in previous research [150], the weight loss under 100 °C in 
the TGA is a result of the loss of free water, the weight loss above 100 °C is owing to 
the release of bound water, and the weight loss at about 690 °C is owing to the 
degeneration of calcium carbonate. The weight loss (AW) among 100 °C and 350 °C 
is thought as the total content of bound water in the ACC sample, and the weight 
(W) at about 350 °C is regarded as the content of calctum carbonate in the ACC 
sample. The molar masses of H,O and calcium carbonate are 18 g mol ' and 100 g 
mol’, respectively, and the bound water quantity per mole of calcium carbonate 
could be computed by AW x 100/(W x 18). The results show that the sediment 
prepared without protein contains 1.0 mol of water per mole calcium carbonate. 
With addition of 0.25 uM ACCBP, the water content of the ACC does not change, 
while in the presence of 0.5 uM and 1 uM ACCBP, the water content decreases to 
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Fig. 3.91 FTIR spectrum (a) and TGA (b) of ACC stimulated in solution with or without ACCBP 
[136] 
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0.82 mol of water per mole calcium carbonate. The biogenic ACC is essentially 
anhydrous, while the biogenic stable ACC includes 1 mol of bound water per mole 
calcium carbonate. ACCBP reduces the bound water content of ACC and is involved 
in the formation process of biogenic anhydrous ACC in vivo. 


3.7.3.2 ACCBP Induces Aragonite Formation via ACC Precursor 
in Low Mg/Ca Solutions at Low Temperature 


The in vitro crystallization assay was conducted at 6 °C to avoid protein degradation 
or denaturation (Fig. 3.92). An SEM outfitted with an energy dispersive spectrom- 
eter (EDS) was utilized to observe the morphology of the sediments, and Raman 
spectroscopy was utilized to characterize the polymorph. ACC was identified with a 
broad peak at ~1085 cm’, vaterite with peaks at ~1074 and 1090 cm", aragonite 
with peaks at ~155, ~204, and ~1085 cm !, and calcite with peaks at ~154, ~281, 
and ~1085 cm’. The Raman and SEM results suggest that ACC spherulites (about 
9.5 um in diameter) form with ACCBP, while only calcite particles are observed in 
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Fig. 3.92 The in vitro crystallization assay. SEM images of calcium carbonate segments had grown 
for 24 h in the solution conditions as follows: (a) 0.5 uM BSA, (b) 0.5 uM ACCBP, (c) 0.5 uM BSA 
and Mg/Ca = 1, (d) 0.5 pM ACCBP and Mg/Ca = 1, (e) 0.5 uM BSA and Mg/Ca = 2, and (f) 
0.5 uM ACCBP and Mg/Ca = 2. (g) SEM image of calcium carbonate crystals had grown for 4 h in 
solution with 0.5 uM ACCBP and Mg/Ca = 1. (h) Amplification of the central region in (g). (i) 
Raman spectrum of the calcium carbonate segments. Spectrum | indicates an ACC spherulite in (b), 
spectrum 2 is an aragonite particle in (d), and spectrum 3 represents an ACC spherulite in (h) [136] 
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the control groups (Fig. 3.92a, b). The addition of Mg” alters the result dramatically. 
There are calcite particles, and some aragonite particles are formed instead of ACC 
spherulites in the solution having ACCBP and an Meg/Ca molar ratio of 
1 (Mg/Ca = 1), while only calcite particles are formed in the control group 
(Fig. 3.92c, d). More aragonite particles are observed in the solution with Mg/Ca = 2 
and ACCBP (Fig. 3.92e, f). Meg** could stabilize ACC, and calcite is preferred in 
solutions with a Mg/Ca molar ratio under 4 at a temperature of 6 °C. Thus, it is 
extraordinary that ACC disappears and aragonite was observed in the presence of 
both ACCBP and Mg. 

EDS indicates that calcite had grown in the solution with Mg/Ca molar ratio at 
1 and ACCBP has higher magnesian component with an average of 36.4 + 7.4 mol 
% in randomly selected particles, compared with 27.9 + 3.0 mol% of randomly 
selected calcite particles in the control group (data not shown). Considering that 
high-magnesian calcites are observed in vitro via ACC precursors, the aragonites 
may form Mg/Ca = | and Mg/Ca = 2 solutions by consuming the ACC precursor 
with the control of ACCBP. 

Observations of early-stage samples from crystallization in vitro group support 
this hypothesis. Only dish-like calctum carbonate spherulites (~6 um in diameter) 
are observed at 4 h in the solution with Mg/Ca ratio of 1 and ACCBP (Fig. 3.92g, h). 
A broad peak at ~1085 cm’ of the Raman spectrum affirms that these spherulites 
are ACC (Fig. 3.921). Obviously, these ACC spherulites are the precursors of 
aragonite or calcite particles at 24 h [136]. 

To affirm that ACCBP could induce the transformation from ACC precursor to 
aragonite, an ACC transformation assay was conducted (Fig. 3.93). The crystals were 
collected after 0, 12, 24, 48, and 72 h and analyzed by FTIR. ACC is characterized by 
a broad peak at ~866 cm’ (v2), aragonite has absorption peaks at ~856 cm’ (v2), 
713 cm! (v4), and 700 cm! (v4) (a weak band), and calcite have absorption peaks at 
~874 cm! (v2) and ~713 cm! (4). The analyses show that all the samples at 0 h 
are ACC (Fig. 3.93). In the solution with Mg/Ca ratio of 1, a strong peak observed of 
calcite is ~874 cm’, and the peak at ~866 cm’ of ACC decreases at 12 h; as time 
goes on, the 874 cm” '/866 cm’ intensity ratio increases persistently, and the peak of 
~866 cm | disappears eventually (Fig. 3.93a). These results show that the entire ACC 
is transformed to form calcite in the control group. In the solution with Mg/Ca ratio of 
1 and ACCBP, strong absorption of ~874 cm! and a weak shoulder peak at ~856 cm 
~! are detected at 12 h; the 874 cm '/866 cm’ intensity ratio increases along time, 
and the absorption at ~856 cm’ changes slightly (Fig. 3.93b). Most of the ACC is 
again transformed to form calcite, but a small amount of aragonite is also observed. In 
the solution with Mg/Ca ratio of 2, strong absorption of ~874 cm™' is observed at 
12 h, a characteristic peak of aragonite at 856 cm appears weakly at 48 h, and the 
856 cm '/874 cm’ intensity ratio does not change during 48 h and 72 h (Fig. 3.93c). 
Most of the ACC transforms to calcite, and few of the final mixture is aragonite. In the 
solution with Mg/Ca ratio of 2 and ACCBP, the peak of ~874 cm! is broader at 
12 and 24 h than control group, implying that ACC is more stable with ACCBP. The 
856 cm '/874 cm" intensity ratio significantly increases at 48 h, indicating that a 


3.7. Extrapallial Fluid Matrix Protein 389 


a 
cr 





3 3 
3 a 
z @ 
3 E 
C m 
m i 
£ 5 
D ài 
5 < 
<< 
1000 900 800 700 600 500 1000 900 800 700 600 500 
Wavelength (cm'*) Wavelength (cm) 


o 
a 





3 a 
= = 
3 S 
ec | c 
5 S 
S G 
ao | ai 
a | =] 
T | <= 
1000 900 800 700 600 500 1000 900 800 700 600 500 
Wavelength (cm') Wavelength (cm) 


Fig. 3.93 FTIR analyses of the contributions in the ACC transition experiment. FTIR of the 
precipitates formed at different times from the solutions with the addition of (a) Mg/Ca = 1, (b) 
Me/Ca = 1 and 0.5 uM ACCBP, (c) Mg/Ca = 2, and (d) Mg/Ca = 2 and 0.5 uM ACCBP 


large amount of aragonite forms at this period. The 856 cm” '/874 cm’ intensity ratio 
increases persistently up to 72 h, indicating that aragonite forms continuously, and 
most of the final crystals is aragonite (Fig. 3.93d). ACC 1s transformed to aragonite in 
the presence of ACCBP and Mg/Ca ratio of 2. 

The final crystals collected on the fourth day of the ACC transition experiment 
were analyzed by XRD. In the solution with Mg/Ca ratio of 1 and ACCBP, the 
calcite content of the final precipitates is greater than 95%, the same as the control 
group (Fig. 3.94). The results suggest that ACCBP induces only few aragonite 
formations in the Mg/ Ca ratio of | solution. In the solution with Mg/Ca ratio of 
2 and ACCBP, more than 87% of the crystals is aragonite, while over 90% of the 
crystals is still calcite in the control experiment, which shows that ACCBP could 
induce aragonite formation in the ACC transformation assay. In the ACC transfor- 
mation assay II, ACC was formed first without ACCBP or Mg”, isolated from the 
initial solution by centrifugation, and then resuspended in the solution of Mg/Ca at 
1, 2, or 5, with or without ACCBP (data not shown). The XRD analyses showed that 
ACCBP could induce aragonite formation in solution with Mg/Ca ratio of 5, while 
no aragonite was observed in the control group. The result affirms again that ACCBP 
could induce aragonite formation with the help of Mg”*. 
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Fig. 3.94 XRD spectra of the final crystals in the ACC transformation assay. A aragonite, C calcite 


3.7.3.3 Meg/Ca Ratio on the Surface Initial-Stage ACC Is Controlled by 
ACCBP 


To investigate how ACCBP induces aragonite formation by the ACC precursor in 
solutions with low Mg** dosages, the initial ACC sediments collected at 0 h in the 
ACC transition experiment were analyzed. SEM images find that all the ACC 
samples constitute of spherulites with diameters of 20-100 nm (data not shown). 
ACCBP does not regulate morphology or the size of ACC at any Mg/Ca ratio. 
Raman spectrum with only a broad peak at ~1085 cm™' affirms that all the pre- 
cipitates are ACC (Fig. 3.95a). The peaks of ~1085 cm’ in all spectra are similar, 
and no discrete peak is observed in the range of 100-300 cm‘ even if each spectrum 
peak represents the average of 10 separate scans. These virtually identical spectra 
suggest that no significant difference was detected by Raman spectroscopy. The 
FTIR spectra confirm that all the precipitates are ACC with the split peaks at ~1429 
and ~1479 cm™! (v3) (showing the asymmetric stretch of the carbonate ion), the 
weak and broad peak at ~1075 cm! (v1) (showing the symmetric stretch in 
non-centrosymmetric structures), the peak of ~866 cm! (v2) (indicating out-of- 
plane bending), and a weak and broad peak at ~713 cm! (v4) (representing 
in-plane bending) (Fig. 3.95b). The peak of ~866 cm", the split peaks of ~1429 
and ~1479 cm7', and the intensity ratio of 866 cm '/713 cm" are not affected by 
ACCBP. The virtually identical FTIR spectra show that the local environment of the 
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Fig. 3.95 Raman spectra profile (a) and FTIR spectra profile (b) of the initial-stage segments in the 
ACC transformation assay. The precipitates were collected in the following solution conditions: 
(a) Mg/Ca = 1, (b) 0.5 uM ACCBP and Meg/Ca = 1, (c) Mg/Ca = 2, and (d) 0.5 uM ACCBP and 
Meg/Ca = 2 


carbonate group in ACC are identical, indicating that the local atomic orders of the 
ACC precipitates are identical. It is improbable that ACCBP induces aragonite 
formation via regulating the short-range order structure of the initial-stage ACC. 
This hypothesis is accordant with the recent report that the amorphous phase 
precursor of abalone nacre is not poorly crystalline aragonite or proto-aragonite. 

ACCBP includes 11.11% Asp residues, and aspartic acid could increase the Mg** 
content of ACC. Thus, it is suggested that ACCBP could influence the magnesium 
content of ACC. To confirm the hypothesis, the bulk Mg/Ca ratio of ACC was 
analyzed via ICP. In the solution with ACCBP and Mg/Ca = 1, the ratio was 
0.166 + 0.007, resembling to the control value of 0.171 + 0.002. In the solution 
with ACCBP and Mg/Ca = 2, the ratio was 0.251 + 0.021, resembling to the control 
value of 0.257 + 0.006 (Fig. 3.96a). ACCBP could not affect the bulk Mg/Ca ratio 
of ACC. The Mg/Ca ratio on the surface of ACC was further analyzed by XPS. In the 
solution with ACCBP Meg/Ca = 1, the ratio was 0.44 + 0.10, compared with 
0.28 + 0.09 of the control. In the solution with ACCBP and Mg/Ca = 2, the ratio 
was 0.45 + 0.22, compared with 0.27 + 0.08 of the control (Fig. 3.96b). This 
tendency was always identical in the three independent experiment groups. XPS 
suggests that ACCBP might increase Mg/Ca ratio on the surface. Thinking of the 
effects of Mg** on crystallization, ACCBP might control the polymorph switching 
by affecting the local Mg”* content of the surface of the ACC. 

To affirm that ACCBP could increase the surface Mg/Ca ratio of ACC, a series of 
fluorescence quenching assays was conducted. With addition of 10 uM, Ca” 
quenched the intrinsic tryptophan fluorescence by about 6% (Fig. 3.97a), similar 
to the level of quenching induced by 50 or 500 1M Ca**. Presuming it is static 
quenching, then the binding constant should be same to the quenching constant. The 
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Fig. 3.96 Elemental analyses of the initial-stage segments in the ACC transition experiment. (a) 
Bulk Mg/Ca ratio of ACC explored by ICP. (b) Surface Mg/Ca ratio of ACC indicated by XPS 
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Fig. 3.97 Fluorescence quenching assay. (a) Intrinsic fluorescence of 5 uM ACCBP dropped with 
10, 50, or 500 uM Ca ae (b) Intrinsic fluorescence of 5 uM ACCBP dropped with 10, 50, or 500 uM 
Mg** 


binding ability for Ca** would be bigger than 6.4 x 103 L mol`! according to the 
Stern—Volmer relationship, indicating that Ca** is able to bind with ACCBP. This is 
accordant with the ability of ACCBP to bind on the surface of ACC and calcite. The 
addition of 10, 50, and 500 1M Mg** quenches intrinsic fluorescence by 5%, 8%, 
and 8%, respectively (Fig. 3.97b), indicating that the binding ability of Mg” is 
greater than 1.7 x 103 L mol`". The fact that ACCBP could bind both Mg** and Ca 
°* affirms that ACCBP might recruit Mg** on the surface of ACC. 
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3.7.4 Influence of the Extrapallial Fluid of Pinctada fucata 
on the Crystallization of Calcium Carbonate and Shell 
Biomineralization 


Extrapallial fluid (EPF) is distributed between the mantle and the shell, and it is 
suggested to play crucial roles in shell biomineralization of Pinctada fucata. 
Whereas, few researches have been reported on the biomineralization effect of 
EPF [138]. In present work, CaCO; crystallization assays suggested that EPF pro- 
teins could not only regulate the morphology but also control the phase transition of 
calcium carbonate by the ability of different proteins to specifically bind to calcite or 
aragonite. In crystal growth inhibition assays, when the final dosage of CaCl, and 
NaHCO; decreased from 50 to 5 mM, the effect of EPF proteins (50 pg/ml) changed 
from significantly promoting over the number of CaCO; crystals (448 + 28) over the 
control (128 + 20) to repressing the precipitation of CaCO3. The deposition rate of 
CaCO; was also stopped by EPF proteins. In vivo, when EPF was extracted every 
day for 20 days, the nacreous platelet in the nacre was destroyed, and calcite 
deposited disorderly due to the decrease of EPF proteins. What’s more, EPF also 
worked as an external signal to regulate the expression variation of shell-related 
genes to participate in nacre and prism formation. Taken together, our findings 
suggest that EPF proteins not only participate in the nucleation, morphology, 
growth, and phase transition of CaCO; but also play a dual role in both prism—nacre 
transition and shell biomineralization, which is mediated by a combination of 
different proteins and changes of their secondary structure and conformation. 


3.7.4.1 The Binding of EPF Proteins to Calcite and Aragonite 


The average dosage of native EPF proteins separated was 0.2—0.4 mg/ml. The 
observations in SDS-PAGE of native EPF (Fig. 3.98, lane 5) found only one obvious 
band that was bigger than 170 kDa, which suggested that the dosage of native EPF 
proteins was too low to observe [138]. After the EPF was condensed (CEPF) with a 
3 kDa centrifugal ultrafiltration tube, the protein bands were more obvious 
(Fig. 3.98, lanes 1 and 6). The proteins in EPF ranging from 10 to >170 kDa may 
play an important role in CaCO crystallization and shell formation. 

One of the direct methods to investigate whether a protein is crucial for CaCO3 
crystallization is to detect its binding ability to CaCO; crystals. To confirm that EPF 
proteins could bind to crystals, we wash with water for 3 times and with 500 mM 
NaCl to wash off the proteins after the binding assays. Major proteins were eluted 
away from the calcite and aragonite by water (Fig. 3.98, lanes 2 and 7). Only one 
band with molecular mass over 170 kDa was observed in the 500 mM NaCl elution 
buffer (Fig. 3.98, lanes 3 and 8). As expected, several protein bands were found in 
the 1 M acetic acid solutions, which indicated specific binding ability to calcite or 
aragonite (Fig. 3.98, lanes 4 and 9). These results suggest that EPF contains not only 
proteins binding to both calcite and aragonite (Fig. 3.98, bands A, C, D, and Ein lane 
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Fig. 3.98 SDS-PAGE image of EPF proteins extracted of P. fucata (lane 5) and proteins binding to 
calcite and aragonite among EPF. Lane 5 indicated the native EPF from P. fucata. Lanes | and 6 had 
shown EPF that was concentrated by a 3 kDa Millipore Amicon Ultra-15 centrifugal filter device as 
a positive control. Lanes 2-4 were water washings of EPF from calcite, 500 mM NaCl washings 
after incubation with calcite, and 1 M acetic acid dissolution after incubation with calcite, respec- 
tively. Lanes 7—9 indicated the corresponding washings after incubation with aragonite. Bands A-E 
and a-f had shown proteins that specifically bound to calcite and/or aragonite. The side numbers are 
the molecular masses (kDa) of the protein makers (M) 


4 and bands a, c, d, and e in lane 9) but also binding solely to calcite (band B) or 
aragonite (band f). And the amino acids analyses results showed that proteins only 
binding to aragonite are rich in Leu, Glu, and Gly, while proteins binding solely to 
calcite are more enriched in Leu, Lys, and Val (data not shown). In view of that, the 
shell of P. fucata consists of aragonite and calcite; these proteins may play a role in 
the respective formation of each component. To investigate the effect of EPF pro- 
teins on CaCO; crystallization, we conducted the CaCO; crystallization assays 
in vitro. 


3.7.4.2 Effect of EPF on CaCO; Crystallization In Vitro 


Without EPF, only the precipitation of rhombohedral calcite crystals was found 
(Fig. 3.99a). The addition of EPF caused a morphological change in the crystals. The 
corners and edges of the rhombohedral calcite were weakened with 10 ug/ml EPF 
(Fig. 3.99b). What’s more, the crystals changed into rods with 30 pg/ml EPF 
(Fig. 3.99c). When the dosage of EPF reached 50 ug/ml, the crystals changed larger 
and were transformed into a dumbbell morphology, an effect that was resemble to 
that phenomenon of aragonite in vitro (Fig. 3.99), even though Raman spectra 
showed distinctive peaks at 151, 281, 711, and 1085 cm™*, which suggested that 
they were still calcite (data not shown). However, EPF was supposed to control the 
nacre growth in vivo. To cause the formation of aragonite, we also conducted 
crystallization assays with EPF on calcite (data not shown), organic, and silk 
membrane from the inner shell, as researched previously (data not shown), while 
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Fig. 3.99 SEM images of CaCO; crystals collected from the crystallization assays: (a—d), Crystals 
are formed in the presence of ASW or 10, 30, and 50 pg/mL EPF proteins, respectively; (e and f), 
Crystals had grown in the presence of 30 pg/mL EPF proteins binding to calcite and/or aragonite, 
respectively. The insets on the corner are high-amplification images of the associated particles [138] 


none of these experiments work, unfortunately. Furthermore, we studied the influ- 
ence of EPF proteins binding to aragonite or calcite on CaCO, crystallization, 
respectively. EPF proteins binding to calcite showed an effect resemble to the 
influence of native EPF on CaCO; crystals (Fig. ), whereas EPF proteins 
binding to aragonite caused the formation of aragonite crystals (Fig. ) which 
were confirmed by Raman spectra (data not shown). Then to affirm the exact 
contents of the crystals, the crystals were collected and analyzed using XRD. The 
results suggested that the crystals formed with EPF proteins binding to aragonite 
included 37.6% calcite and 62.4% aragonite, while only calcite was detected with 
EPF proteins binding to calcite (data not shown). These results suggested that the 
EPF could affect the formation of aragonite and the morphology of calcite through 
different proteins in vitro. 
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3.7.4.3 Inhibition of EPF in CaCO; Crystallization 


The CaCO; crystallization rate was detected via the absorbance at 570 nm. EPF 
obviously decreased this rate, compared with the influence of the same volume of 
ASW (Fig. 3.100a). The effect in the crystallization rate by EPF was more lighten- 
ing. To observe whether the inhibition was induced by the biomacromolecules in 
EPF, we compared the precipitation rates of micromolecules (mEPF) and 
biomacromolecules (CEPF) with that of ASW. The results suggested that 
biomacromolecules had a suppression effect on the precipitation rate of CaCO; 
resembling to that of EPF under the same dosages, while the micromolecules 
indicated effects resembling to those of ASW (data not shown). After crystallization 
of 24 h, the crystals formed with EPF were more uniform and had a smaller 
morphology and volume modification compared with crystals formed with ASW 
(Fig. 3.100c, d). At the same time, there were 448 + 28 crystals in EPF, which was 
significantly more than the 128 + 20 crystals in the ASW group (Fig. 3.100b). We 
inferred that biomacromolecules in EPF induced this result. As expected, the crystal 
number formed in the presence of biomacromolecules (CEPF) was always greater 
and the crystals were more structured and uniformly distributed than those induced 
with micromolecules (mEPF) (Fig. 3.100b), which suggested that the 
biomacromolecules in EPF could support nucleation sites in CaCO; crystallization 
when the dosage of CaCl» and NaHCO; was 50 mM. On the contrary, when the final 
dosage of CaCl, and NaHCO; was reduced to 5 mM, no distinct crystals formed in 
EPF after 24 h compared with the ASW group (Fig. 3.100e, f). Thus, we inferred that 
EPF proteins took part in the nucleation of CaCO; crystallization and inhibited 
CaCO; crystallization and shell formation. 

EPF contains proteins that are both identical and distinct from those from the shell 
of P. fucata (data unpublished), which directly demonstrates that the EPF partici- 
pates in shell formation or acts as a library of shell proteins. Proteins extracted from 
the shells of mollusks have been shown to extensively control the nucleation, 
morphology, and phase transformation of CaCO3; however, the macromolecules 
of the EPF, which is located between the mantle and shell, have not received enough 
attention. The EPF proteins, in combination with Ca** or CO;”, on the one hand 
function as nucleation sites in CaCO; crystallization (Fig. 3.100b) and control the 
morphology, volume, and phase of crystals (Fig. 3.99); on the other hand, the EPF 
proteins inhibit the precipitation rate and crystallization of CaCO; (Fig. 3.100a, f). 
These guarantee that the EPF not only participates and regulates the formation of 
shell but also inhibits abnormal shell growth when necessary. The shell protects 
mollusks from environmental changes and natural enemies, while the pearl also 
helps to avoid injury from foreign bodies. Shell and pearl biomineralization, which 
are similar processes, represent a complicated and highly controlled balance of 
biomacromolecules, which requires high energy consumption [172]. Mollusks 
must slow or inhibit the shell biomineralization as soon as the shell matures and 
then activate biomineralization immediately upon shell injury or invasion by foreign 
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Fig. 3.100 Precipitation rate of CaCO3 and SEM images of crystals formed in the crystal growth 
inhibition assays: (a), CaCO, precipitation rate shown by the crystals’ absorbance at 570 nm 
(drastic differences occurred at 3 min (p < 0.05) and at 4, 5, and 6 min (p < 0.01)); (b), number 
of crystals grown in the crystal growth inhibition assays calculated in a 214 x 162 um? area (CEPF 
means EPF concentrated by a 3 kDa Millipore Amicon Ultra-15 centrifugal filter device; mEPF 
indicates the effluent after a 3 kDa Millipore Amicon Ultra-15 centrifugal filter device); (e—-f), SEM 
pictures of crystals formed in the presence of ASW (c and e) or EPF (d and f). The final dosage of 
EPF was 50 pg/mL, and the same content of ASW was added as a control. The final dosage of CaCl, 
and NaHCO; was 50 mM in (c) and (d) and 5 mM in (e) and (f). The corners of (c) and (d) showed 
high-amplification images of the particles. The crystallization occurs at room temperature (approx- 
imately 20 °C) 
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bodies or bacteria. The EPF just plays a paradoxical role to achieve this. The results 
demonstrated that 50 ug/ml EPF inhibited or slowed the crystallization of CaCO; in 
24 h, while the concentration of Ca** and HCO; was reduced to 5 mM. ICP results 
showed that the concentration of Ca** in EPF of P. fucata was approximately 
8.95 + 0.30 mM, which was similar to that of ASW (approximately 
8.75 + 0.23 mM), and they were constant as previously reported [173]. The con- 
centration of HCO3 in EPF was about 3.6 mM, while 2 mM in seawater. In contrast, 
the concentration of EPF proteins was 200—400 pg/ml, which was enough to inhibit 
and control the precipitation of CaCO; regularly. This guarantees the CaCO; will not 
precipitate only if it is transported to the right sites. 


3.7.4.4 Interaction Between EPF Proteins, Ions, and Crystals 


The effect of EPF macromolecules on CaCO, crystallization might be relative to the 
interaction of Ca** and CO;*~. Thus, we investigated the binding between EPF 
proteins and ions by intrinsic fluorescence quenching. The presence of CaCl, caused 
quenching of intrinsic fluorescence of EPF proteins when the dosage of Ca** reached 
10 mM. The presence of 10 mM Na2CO0; led to the intrinsic fluorescence quenching 
of EPF proteins and caused a red shift, which suggested a conformational change of 
the EPF proteins (Fig. 3.101la, b). The presence of NaCl and pH change had no 
obvious influence on the quenching of intrinsic fluorescence of EPF proteins (data 
not shown). What’s more, compared with the natural secondary structure of EPF 
proteins, both CaCl, and Na CO; could cause a red shift at the 208 nm, which 
suggested the secondary structure changes in EPF proteins (Fig. 3.101c, d), while the 
presence of NaCl and pH variation could not (data not shown). Further ITC 
experimental results affirmed the interaction between EPF proteins and Ca** showed 
that the binding constant (N) was 11.7 + 2.43 (Fig. 3.10le). These results suggest 
that EPF proteins could significantly interact with Ca** and CO;*~ and may influ- 
ence the crystallization of CaCO; through conformational changes of their second- 
ary structure. 

The results of amino acids analyses and SDS-PAGE and CaCO; crystallization 
experiments suggested that different proteins of EPF take part in the formation of 
calcite and aragonite. What’s more, both the aragonite and calcite crystals could 
cause a significant intrinsic fluorescence quenching of EPF proteins (Fig. 3.102a, b). 
These results showed a similar but not the identical quenching, indicating their 
interactions may be distinctive. The CD spectrum also indicated that the presence 
of calcite or aragonite could cause a red shift at the peak of 208 nm compared with 
the native EPF proteins (Fig. 3.102c, d). All of these results suggested that EPF 
proteins could interact with the different crystals and might influence through 
different proteins and their secondary structure change. 
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Fig. 3.101 Binding between EPF proteins, Ca**, and CO;7 . (a) and (b) indicated the change in the 
intrinsic fluorescence of EPF proteins when different dosages of Ca** or CO; were added. (c) and 
(d) indicated the variation of CD spectra of EPF proteins in the presence of ions. e indicated the ITC 
results between EPF proteins and Ca’*. N number of binding sites, K indicates the binding constant 


3.7.4.5 Effect of EPF on Shell Biomineralization In Vivo 


The function of EPF on CaCO; precipitation suggested its important role in shell 
formation. The inner surface of nacre was also observed while EPF was separated 
daily. The native structure of nacre is regular aragonite lamellae (Fig. 3.103a, b, g). 
When the EPF was isolated daily for 10 days, random deposition occurred on the 
aragonite lamellae (Fig. 3.103c, d). What’s more, a random depositional texture 
coated the aragonite slices when the EPF was isolated for 20 days (Fig. 3.103e, f). 
The crystal polymorph of the random deposition was calcite, on the basis of Raman 
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Fig. 3.102 Binding between EPF proteins and crystals. (a) and (b) indicated the intrinsic fluores- 
cence variation of EPF proteins in the presence of 0.01 g of calcite or aragonite. (c) and (d) 


represented the change of CD spectra of EPF proteins in the presence of 0.01 g of calcite or 
aragonite 


spectra (Fig. 3.103h), which directly indicated that EPF was crucial for the formation 
of nacre. To illuminate the mechanism, we also test the dosage of proteins and Ca** 
in EPF. The results indicated that the concentration of Ca** is 8.95 + 0.30 mM 
during the extraction process, while the dosage of EPF proteins decreased to 
0.10 + 0.01 mg/ ml from 0.24 + 0.01 the next day and stayed at 0.09 + 0.01 
mg/ml in the following days. The pH also maintained at 7.76 + 0.01. Therefore, we 
referred that the random deposition was induced by the reduction of the EPF 
proteins. Thus, EPF inhibited the abnormal deposition of CaCO, and influenced 


the formation of the aragonite lamellae. The prismatic layer was also regulated, but 
the effect was much weaker (data not shown) [138]. 


3.7.4.6 Effect of EPF Extraction on the Expression of Shell-Related 
Genes 


Shell-related genes are supposed to control and regulate shell formation; thus, we 
want to know the influence of EPF extraction on gene expression, because EPF 
already has a distinct effect on the shell formation. To detect the effect of EPF on 
gene expression, six genes, including EPF (ACCBP, PfN23), prism-related (P39, 
KRMP1-3), and nacre-related (Pif, nacrein) genes, were tested after EPF was 
isolated for 3 and 12 h. The change in gene expression was significant after EPF 
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Fig. 3.103 SEM images indicating the inner face structure of nacre: inner face of natural nacre (a, 
b); surface of nacre after EPF extraction for 10 days (c, d) and 20 days (e, f); Raman spectrum of the 
natural surface of nacre (g) and after EPF extracted for 20 days (h) 
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extraction. The expression level of Pf[{N23 and ACCBP obviously declined after the 
EPF is isolated for 3 h. The expression levels of P39 and Pif were obviously 
enhanced during EPF extraction, while KRMP1-3 indicated an up and down trend 
(Fig. 3.104). Therefore, we speculated that the changes in the EPF may occur as an 
external signal that influenced the expression of shell-related genes. However, the 
expression patterns were not fit strictly, and it might be caused by the complicated 
functions of these proteins. 


3.8 Extracellular Matrix Protein Expressed by Mantle 


3.8.1 A Novel Extracellular EF-Hand Protein Involved 
in the Shell Formation of Pearl Oyster 


Mollusk shell formation is a complicated and highly controlled calcium metabolism 
process. Previous studies revealed that several EF-hand calcium-binding proteins 
actively participate in the regulation of shell mineralization. In this study, we cloned 
a full-length cDNA encoding a novel extracellular EF-hand calcium-binding protein 
(named EFCBP) from the pearl oyster, Pinctada fucata, according to the EF-hand 
motifs of calmodulin. Although it shares high similarity with the calmodulin family 
in its EF-hand signatures [174], EFCBP has just two EF-hand motifs and belongs to 
a new separate group from the other EF-hand proteins according to a phylogenetic 
analysis. EFCBP is specifically expressed in shell mineralization-related tissues, 
viz., the mantle, the gill, and the hemocytes. Moreover, its expression responds 
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Fig. 3.104 Function of EPF extraction on the relative expression of biomineralization-related 
genes. The relative gene expression level was tested for 0, 3, and 12 h after extraction of the 
EPF. ACCBP and PfN23 were proteins existed in the EPF. Pif and nacrein existed in nacre. Lysine 
(K)-rich matrix protein (Krmp1-3) and Prisilkin-39 (P39) existed in the prism 
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quickly only to the shell damage, but not to the damage of other tissues and the 
infection of the lipopolysaccharides from E. coli. These results suggest that EFCBP 
might be an important regulator of shell formation. This finding may help to better 
understand the functions of EF-hand proteins on the regulation of mollusk shell 
formation. 


3.8.1.1 Obtain of the Full-Length cDNA Sequence and Analyses 
of the Deduced Amino Acid Sequence 


The 3’-RACE experiment with the EFP5 primer augmented a specific PCR product 
~167 bp in length, whereas the 3’-RACE amplification with the EFP5’ primer gave 
no PCR product. A potential EF-hand motif is encoded by the 167 bp PCR product. 
According to this sequence, the residual of the full-length cDNA sequence was 
cloned via the 5’-RACE reaction. To affirm the accuracy of the cDNA sequence, an 
amplification of the full-length cDNA was conducted with the primer pair of EFgsp3 
and EFgsp5 (Fig. 3.105), with the mantle cDNA library of P. fucata as a template. 
The result was accordant with that of the RACE. As Fig. 3.105 had shown, the full- 
length cDNA sequence excluding the poly(A) tail was 525 bp in length, with an open 
reading frame (ORF) encoding 129 amino acid residues. The predicted 


EF gsp5 
l GAACTGTCTTCTCCTTTCTTTCCAAAAGGAAAAGCAAACAAAGGAASAGCTCAATTAGGA 
=> 
61 GAAAATGAAGGCATATCTGCTGTTACTCCTGCTTGTGATTTTICTTIGATGTGTATGGATGA 


l N KE A Y L LLLELILILV I E L NCH DD 





121 TGGTGACGCCTGGAGACGCCGACGACGCTGGCGACGCTGGCGAATCCGAATTCGCGCAAA 
20 G D AlwR RR RR WR R I I RJA K 
181 GAAAATATACAAAGCTTATAGATTGTATAAGACT TATCATGGAAAGAGGGATACTGAGAC 
40 KF SRA SR GY EK TY Pe Kk eR OT ee 
241 AGCCGCTGCAGGAGTAGCTGATAAGTGTCAGCTGTCTICGTATGACACAGACAATGACGG 
60 A AAGVADK@O Q L s s y iain 
301 GAAACTCTCAAGGATAGAAGTGCAGTCGATAATCAAGGATGCTGAAAATCATCCGGGAGC 
80 E v o S I I KDAENHPGHA 





EFP5 
361 GTTCGAGAAGTICG LAG TE LDOICACOIAAGTGOAAGATGAGTTTACTGOTCAG 
100 POE K PF LE F r v S 
k EFP3 EF 9sp3 
471 TATTGCTTCGTTGATAGACGCCTGTCAGAAATGACTGTAATGAACAAGGAAGCAGATCTT 
120 I AS2LI DAC OK * 
481 ATCTCTGTATAAAATGCAGACATATGAATAAAAGCAAAGAACCACAAAAAARARAABAAA 


Fig. 3.105 The cDNA sequences and the putative amino acid sequences of EFCBP from the pearl 
oyster, P. fucata. The predicted signal peptide is underlined. The low complexity region rich in 
arginine is enclosed in the box. The two EF-hand calcium-binding domains are shaded. The two 
cysteine residues that might construct a disulfide bond are circled. The primers designed for cloning 
and RT-PCR are indicated with arrows [174] 
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Fig. 3.106 Secondary structure prediction of EFCBP. PRED means the predicted secondary 
structure of EFCBP. The gray barrels mean the predicted a-helices, the black lines show the 
predicted random coils, and the two EF-hand regions are boxed 


polyadenylation signal (AATAAA) started from the 53rd nucleotide downstream of 
the stop codon (TGA). The cDNA sequence has the accession number DQ494416 in 
GenBank [174]. 

The predicted signal peptide was the first 22 amino acids of the deduced protein. 
The mature protein excluding the signal peptide was constituted of 107 amino acid 
residues with a calculated molecular weight of 12.5 kDa and a predicted isoelectric 
point of 9.78. Analyses of its amino acid composition showed the two cysteine 
residues might form an intramolecular disulfide bond. Protein domain search against 
the PROSITE database found the existence of two EF-hand calcium-binding motifs 
from the 74th to the 85th amino acid residue and from the 104th to the 115th amino 
acid residue. What’s more, a low complexity region with high percentage of arginine 
was observed from the 24th to the 37th amino acid, and the N terminus was also rich 
in lysine (Fig. 3.105). We called the protein as EFCBP (EF-hand calcium-binding 
protein). There are five coil regions (29.9%), four a-helix regions (70.1%), and no 
B-sheet in the predicted secondary structures of EFCBP. As Fig. 3.106 had shown, 
each EF-hand motif was besieged by two a-helixes, which was accordant with the 
characteristic conformation of helix—loop—helix in the canonical EF-hand 
domain [175]. 

A homology search using the BLAST program against the entire protein 
sequence database in GenBank showed that EFCBP had the highest homology 
with the calconectin (DQ352042.1) of P. margaritifera and was also analogous to 
the PFMG1 (DQ104255) and PFMG6 (DQ104260.1) of P. fucata. Even though 
calconectin has the highest identity, it has no signal peptide and seems to be 
intracellular. The PFMG1 and PFMG6 have a predicted signal peptide at the N 
terminus, with two EF-hand motifs located at the C terminus; thus, from the 
viewpoint of subcellular localization and protein structure, EFCBP might be more 
homological with PFMGI and PFMG6. What’s more, as Fig. 3.107 had shown, the 
EF-hand characters of EFCBP have high similarity with those of calmodulin and 
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EF-hand motif EF-hand motif 
pf _efcbp|@ GE VQSTIKDAENHP -------------- A PDA av 115 
pm_en Dr EDEMTSILNDIQKDK------------~-- (FAKYDEDGNGFVDAS 78 
pf_mgl1/|Bs GVVTHEDIEH Ba-csceessaces== FSEADENDDEQI 122 
pf_mg6 RDGVVEHEDMEHIFDNEELAE - - - - - - .....-.- FFSEADENDDEQIST: 122 
ac cam K i i ; sRHV} .LITDeE====<==== v EMI EA V E 141 
pf cam |DKDGNGFISAABLEHVMTNLGERLTDEE - - - - - - - - VDEMI READ VNYE 141 
hs_cam |DK VDEMIREADI Q E 144 
ps cam |PROGDGP ISAABLBH VS TNLGERLIDEE-------- VDEMIREADI OVNY E 141 
pf calp|DrF AEEMVAAAD INYE 141 
sc_cam |DKNGDGLISAABLEHVLTS IGEKLTDAE-------- VODI EWS SOEI y 140 
ma_capS |BODGDGHITVDELROAMAGLGQPLPORE - -- -- --- LDAMIREABVBODGRVNYEB) 138 
pt_calsp |/BQ Li PLPQORE-------- sDAMI READVDODGRVNYE 138 
cb_hp AITE z] ; A-------- IRDMFKA GKITFE 152 
ce F43C9. 2 |p. I A. TE " IL HNILWORAA------.- I I bs | L KI T 152 
bg cbp1/|B----------- j -EY pr L --------FNKLFINADANQNDLVNEI 118 
bg_cbp2 |§----------- |- - EIDYDNDNHLDQSD - - - - - -- - TLFNNA VNHN 118 
hs-calb TDHSGFI i ; KLFOS ; F. 166 
pp_calb ETHEL 166 
mm calb TRE 166 
rn calb TBE 166 
tse calb |DTBE 158 
af sparc BL 264 
dm sparc 3 I i 276 
Eo Epone L ELIPI VARRES- = === == seve oer 248 
hs sparc QLBOQHPI ITELAPLRAPI I ===... . RFF SIU + L 285 
mm_sparc QLQQHPIDGYLSHTELAPLRAPLIPMBH - - - - - -- CRTRFFETCDLDNBKYIALEB| 284 


Fig. 3.107 Protein sequence alignment among the EF-hand signatures of EFCBP, calconectin, 
PFMG1, PFMG6, calmodulin and calmodulin-like protein family, calbindin, and SPARC. Numbers 
mean the positions of the amino acid residues in each sequence of genes. Gaps (—) are added to 
optimize the alignment. The two EF-hand calcium-binding models are enclosed in the box. 
Homologous and conservative amino acid sequences are indicated with dots. pf_efcbp Pinctada 
fucata EFCBP (DQ494416), pm_cn Pinctada margaritifera calconectin (DQ352042.1), pf_mg1 
Pinctada fucata PFMG1 (DQ104255), pf_mg6 Pinctada fucata PFMG6 (DQ104260.1), ac_cam 
Aplysia californica calmodulin (P62145), pf_cam Pinctada fucata calmodulin (AAQ20043), 
hs_cam Homo sapiens calmodulin (CAA36839), ps_cam Patinopecten sp. calmodulin (P02595), 
pf_calp Pinctada fucata calmodulin-like protein (AAV73912), sc_cam Saccharomyces cerevisiae 
calmodulin (P06787), mm_calp5 Macaca mulatta calmodulin-like 5 (XP_001104766), pt_calsp 
Pan troglodytes calmodulin-like skin protein (XP_001144681), cb_hp Caenorhabditis briggsae 
hypothetical protein CBG14543 (CAE68649), ce_F43C9.2 Caenorhabditis elegans F43C9.2 
(NP_508818), bg_cbpl Biomphalaria glabrata Calcium-binding protein 1 (AAV91525), 
bg_cbp2 Biomphalaria glabrata calcium-binding protein 2 (AAV91522), hs_calb Homo sapiens 
calbindin 1 (NP_004920), pp_calb Pongo pygmaeus calbindin (Q5R4V1), mm_calb Mus musculus 
calbindin-28K (NP_033918), rn_calb Rattus norvegicus calbindin-d28k (AAA40852), tse_calb 
Trachemys scripta elegans calbindin-D28K (AAO49508), af_sparc Artemia franciscana SPARC 
(BAB20042), dm_sparc Drosophila melanogaster BM40-SPARC CG6378-PA (NP_651509), 
ce_sparc Caenorhabditis elegans osteonectin (sparc)-related protein 1(AAB88325), hs_sparc 
Homo sapiens SPARC (CAG33080), mm_sparc Mus musculus SPARC (CAJ18514) 


calmodulin-like protein family, like SPARC, calbindin, and some other calcium- 
binding proteins, while, a phylogenetic analysis of their EF-hand signatures showed 
that EFCBP did not belong to any of the above families. EFCBP, PFMG1, PFMG6, 
and calconectin might compose another new EF-hand protein family with two 
EF-hand motifs (Fig. 3.108). 
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Fig. 3.108 A phylogenetic tree analyses of the EF-hand characters of EFCBP, calconectin, 
PFMG1, PFMG6, calmodulin and calmodulin-like protein family, calbindin, and SPARC. The 
tree is hypothesized with the ClustalX program via using the method of neighbor-joining analyses. 
The input alignment is the same with Fig. 3.107. Bootstrap values (1000 replicates) are suggested at 
the nodes. The abbreviations of protein names are same with Fig. 3.107 
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450 bp EFCBP 


1 2 3 4 5 6 


Fig. 3.109 RT-PCR analyses of relative EFCBP gene expression in different tissues of the oyster, 
P. fucata. Lane 1, negative control; lane 2, mantle; lane 3, viscus; lane 4, gill; lane 5, hemocytes; 
lane 6, adductor muscle. The housekeeping gene GAPDH is used as a positive control. The PCR 
synthesis of EFCBP is 450 bp in length, and the full-length of GAPDH is 290 bp 





3.8.1.2 Gene Expression Analyses by RT-PCR and In Situ 
Hybridization Assay 


As PFMGI, PFMG6, and calconectin are mantle-specific proteins and have been 
found to regulate the biomineralization process; we referred that EFCBP might play 
an analogous role. Thus, we analyzed the mRNA expression level of EFCBP in 
different tissues. RT-PCR was conducted with RNA samples from the mantle, gill, 
hemocytes, viscus, and adductor muscle and the gene-specific primers of EFCBP 
(EFgsp5 and EFgsp3). The housekeeping gene GAPDH was utilized as a positive 
control. As Fig. 3.109 had shown, the mRNA of EFCBP is expressed highly in the 
mantle, hemocytes, and gill of the oyster. These tissues, mantle in especial, actively 
take part in the calcium metabolism and shell formation. 

The precise mRNA expression location of EFCBP in the mantle tissue was then 
analyzed by in situ hybridization. As Fig. 3.110b had shown, strong hybridization 
signals were observed in the outer epithelial cells of the middle fold, the inner 
epithelial cells of the outer fold, and the epithelial cells of the mantle pallial. These 
cells participate in different process of shell formation. Hybridization with a sense 
probe was conducted as a negative control with no signals detected (Fig. 3.110a). 

These results of gene expression analyses showed that EFCBP was expressed by 
the cells and tissues participating in oyster biomineralization specifically. Thus, it 
might be a protein related to shell formation. 


3.8.1.3 Gene Expression Analyses of EFCBP After Shell Notching, LPS 
Infection, and Tissue Damages 


To further investigate the function of EFCBP in the biomineralization of P. fucata, a 
shell notching assay was performed. We cut a v-shaped notch on the shell margin 
close to the adductor muscle of the oyster to induce rapid shell repair, and then the 
expression levels of EFCBP was detected by RT-PCR at different times after shell 
notching. It was found that the expression level of EFCBP was significantly 
upregulated after shell repair began. After around the sixth hour, the mRNA 
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Fig. 3.110 In situ hybridization analysis of distribution of EFCBP gene expression of the mantle in 
P. fucata. (a) The sections of the oyster mantle are incubated with the sense RNA probes labeled with 
digoxigenin, which is used as a negative control. (b) The frozen sections of the oyster mantle are 
incubated with the antisense RNA probes labeled with digoxigenin. Three overlapping images of the 
same section are taken. Strong hybridization signals occurred in the inner epithelial cells of the outer 
fold, the epithelial cells of the mantle pallial, the outer epithelial cells of the middle fold (arrows 
indicate). OF outer fold, MF middle fold, /F inner fold, MP mantle pallial. Scale bars, 0.5 mm 


expression level reached a peak and then gradually recovers to the basal level 
(Fig. 3.111a). In order to eliminate the possibility that the increase of the EFCBP 
expression level was caused by demands of wound healing or the immune response, 
we conducted the LPS infection assay and tissue damage and regeneration assay. 
Lipopolysaccharides (LPS) could cause acute immune response, but Fig. 3.111b 
shows that EFCBP did not respond to the LPS infection. What’s more, neither the 
mantle damage nor the gill damage could change the expression level of EFCBP 
(Fig. 3.111c—d). Thus, we supposed that EFCBP might function as an important 
regulator of shell growth. 


3.8.2. A Novel Ferritin Subunit Involved in Shell Formation 
from the Pearl Oyster (Pinctada fucata) 


[ron is one of the most important minor elements in the shell of bivalves. This study 
was designed to investigate the involvement of ferritin, the principal protein for iron 
storage, in shell formation. A novel ferritin cDNA from the pearl oyster (Pinctada 
fucata) was isolated and characterized. The ferritin cDNA encodes a 206 amino acid 
polypeptide, which shares high similarity with snail soma ferritin and the H-chains 
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of mammalian ferritins [103]. Oyster ferritin mRNA shows the highest level of 
expression in the mantle and the organ for shell formation. In situ hybridization 
analysis revealed that oyster ferritin mRNA is expressed at the highest level at the 
mantle fold, a region essential for metal accumulation, and contributes to metal 
incorporation into the shell. Taken together, these results suggest that ferritin is 
involved in shell formation by iron storage. The identification and characterization of 
oyster ferritin also helps to further understand the structural and functional properties 
of molluscan ferritins. 


3.8.2.1 Isolation and Sequence Analyses of a cDNA Clone 
and Phylogenetic Analyses 


A 354 bp cDNA product was obtained via RT-PCR with two degenerate oligonu- 
cleotides (D1 and D2) with total mantle RNA as the template. The DNA sequence of 
the PCR product had high similarity with the H-chains of mammalian ferritins. 
According to the sequence, a pair of specific primers (G1 and G2) was designed 
and the mantle cDNA library was searched with PCR by these primers. With four 
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GCACGAGGCT TGCTGCGTCAGCTGAACGTACGGGCAGATTAGCCTAACTCCGTCTTACCA -55 
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Fig. 3.112 The oyster ferritin cDNA sequence and putative amino acid sequence. The predicted 
iron responsive element (IRE) in the 59 UTR is underlined. The conserved amino acid residues, 
according to which degenerate primers were hypothesized, are in bold. The nucleotides designed as 
the specific primers used for expression analysis are shaded. The stop codon is shown with an 
asterisk [103] 


rounds of screening, six cDNA clones were separated. Sequence analyses showed 
that the longest cDNA sequence (794 bp) contained a 618 bp open reading frame, 
with a poly(A) tail at its 3’ end and a 113 base 5’ untranslated region (UTR) 
(Fig. 3.112). The predicted ferritin protein included 206 amino acid residues with 
a calculated molecular weight of 23.6 kDa, which is bigger than that of most 
mammalian ferritins [176] and snail soma ferritin [177]. 

A supposed iron responsive element (IRE) sequence (nt y106 to y80) is found in 
the 5’ UTR of the cDNA, which includes a characteristic CAGUGN loop and a 
bulged Cys and contains the overall structure of the ferritin IREs (Fig. 3.113a). IREs 
have been observed in almost all identified ferritin subunits mRNAs but ferritins of 
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Fig. 3.113 IRE alignments and the predicted stem-loop structure. (a). Stem-loop structure of the 
predicted oyster IRE blasted with IREs of snail soma ferritin mRNA and bullfrog ferritin mRNA, 
indicating the classical CAGUGN loop and the bulged Cys. The amino acid residues of the loop and 
the bulged Cys are bolded. (b). Comparison of the oyster putative IRE with IREs of 59 UTRs from 
several ferritins. Conserved residues are shaded and residues accordant with residues in oyster IRE 
are indicated by hyphens. Abbreviation and sources are according to Fig. 3.114 


Schistosoma mansoni and snail yolk ferritin. Sequence alignment showed that the 
putative IRE of oyster ferritin shared high homology with the IRE of snail soma 
ferritin and its mammalian homologues (Fig. 3.113b). Since IRE could be folded 
into a stem-loop structure which could bind iron regulatory protein (IRP), the 
existence of IRE in the 5’ UTR of oyster ferritin mRNA shows the expression of 
oyster ferritin is regulated by iron at the translation level. 

The sequence of oyster ferritin has high similarity with those of ferritins from 
animals and plants (Fig. 3.114). The primary structure of oyster ferritin more 
resembled mammalian H-chains than L-chains. Seven amino acids identified as 
metal ligands at the H-specific ferroxidase center of mammalian ferritins are 
completely the same with oyster ferritin, which are Glu25, Tyr32, Glu59, Glu60, 
His63, Glul05, and Gln139 [176]. Alignment analyses indicate that residue Tyr27 is 
conserved in all oyster ferritin, snail soma ferritin, starfish ferritin, crayfish ferritin, 
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Fig. 3.114 Blast of the sequences of oyster ferritin with the other ferritins of invertebrates, 
vertebrates, and plants. The consensus residues involved in the iron-binding sites are enclosed by 
the box. The conserved Tyr27 and predicted glycosylation sequence are shaded. Residues Met24 
and GIn33, which are consensus and unique in oyster ferritin and snail soma ferritin, are bolded and 
shaded. Pfasoyster (Pinctada fucata) ferritin, AF547223; LstSssnail (Lymnaea stagnalis) soma 
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Sma2 (117) EVASKNN--DPALADFIESEFLHAQEDAIKQFADYLTETQRVG---KGLG 
E helix 
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Fig. 3.114 (continued) ferritin, CAA40096; HsaHshuman (Homo sapiens) ferritin H-chain, 
AAA52437; RnoHsrat (Rattus norvegicus) ferritin H-chain, AAB39890; Afosstarfish (Asterias 
forbesii) ferritin, AAB60883; Plescrayfish (Pacifastacus leniusculus) ferritin, CAA62186; 
Aaesmosquito (Aedes aegypti) ferritin, AAA99996; Dmelsfruitfly (Drosophila melanogaster) 
ferritin chain 1, AAB70121; Gmassoybean (Glycine max) ferritin, AAB18928; Bnasrape (Brassica 
napus) ferritin, AAB53099; Sma2sSchistosome (Schistosoma mansoni) ferritin chain 
2, AAA29881 
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and mammalian H-ferritins [176-179]. As Tyr27 was supposed to be necessary for 
the rapid biomineralization of iron in vertebrate H-chains [180], these suggest that 
these ferritins have the ability of a higher rate of iron biomineralization than other 
ferritins. A proposed glycosylation sequence Asn—Gln-Ser (aa 109-111) is also 
conserved in these ferritins. What’s more, compared to amino acid sequences of 
pearl oyster, ferritin with its plants and animals homologues indicates several 
conserved regions, which include five a-helix regions (A—E), and the L-loop linking 
helices B and C [176] (Fig. 3.114). This evidence suggests that oyster ferritin also 
shares homology of two-dimensional structure with other ferritins [103]. 

The sequence of oyster ferritin is different from other sequences with its longer 
C-terminus, which leads to its larger protein weight. What’s more, residues Met24 
and Gln33, which are adjacent to residues Glu25 and Tyr32, respectively, are 
conserved only in the sequences of oyster ferritin and snail soma ferritin. As 
Glu25 and Tyr32 are residues related with the iron-binding site at the ferroxidase 
center, this shows that the ferroxidase centers of oyster ferritin and snail soma ferritin 
may own unique functional properties and are three-dimensional. 

The similarity of ferritin is quantified as Fig. 3.115, which possess both a 
phylogenetic tree calculated by ClustalX program with the NJ algorithm and a 
matrix of sequence identities. As Fig. 3.115 had shown, oyster ferritin indicates 
the highest similarity of sequence with soma ferritin, snail (Lymnaea stagnalis) and 
starfish (Asterias forbesi) ferritin [177, 179]. Whereas, oyster ferritin and its mam- 
malian homologues have over 50% amino acid sequence similarity. The sequence 
alignments of oyster ferritin with plant, vertebrate L-ferritins, and insect are rela- 
tively low. Phylogenetic analyses indicate that the oyster ferritin is related closely to 
snail soma ferritin and starfish (A. forbesii) ferritin and mammalian H-chains. Even 
though insect is a member of invertebrate animals, insect ferritins are clearly 
different from oyster ferritin. The evidence shows that the studied oyster ferritin is 
originated from the same ancestor of starfish ferritin, snail soma ferritin, and 
mammalian H-chains. 


3.8.2.2. Expression Analyses and Ability of Iron Incorporation 


To explore the function of oyster ferritin in vivo, the tissue-specific expression level 
of oyster ferritin mRNA of different tissues was detected by employing semiquan- 
titative PCR. RT-PCR performed with the total RNA of various tissues as template 
and specific primers (G1 and G2) produced a 325 bp product, whereas the negative 
control had no product (data not shown). The PCR product was inserted into p@EM- 
T vector and confirmed by sequencing. RT-PCR reactions were conducted with 
RNA samples from mantle, gill, digestive gland, and muscle. As Fig. 3.116 had 
shown, oyster ferritin mRNA expressed in all tissues was tested, while the expres- 
sion level of oyster ferritin mRNA was higher in the digestive gland and the mantle 
than in the muscle and the gill despite equal levels of 28S ribosomal RNA in all 
tissues. Data from three independent experiments were conducted to avoid error. 
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Fig. 3.115 Phylogenetic analysis and amino acid sequences alignment. (a) Phylogenetic tree 
indicating the evolutionary relationship of oyster ferritin with other proteins. The bootstrap N—J 
tree was built as described in section 2. (b) Matrix representing the percentage identities of the 
aligned ferritins. Abbreviations and sources are accordant with Fig. 3.114 


The mantle of mollusks is included in the metal ions metabolism and takes 
participation actively in the addition of Ca, P, Mn, and Fe into the shell 
[181]. Iron in the oyster is supposed to accumulate more rapidly in the mantle 
compared with other tissues in other shellfishes. The possible cause is the require- 
ment to form iron minerals continuously for structural composition of the shell. We 
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propose that met partially with the high expression level of oyster ferritin in the 
mantle. To explore the involvement of ferritin in shell formation with more detail, in 
situ hybridization was conducted. Strong hybridization signals were observed in the 
outer fold of the mantle tissue (Fig. 3.117a). Positive signals are mainly located in 
the epithelial cells of both sides and cells below the basement membrane in the outer 
fold (Fig. 3.117b), indicating ferritin involved in the formation of both prismatic 
layer and periostracum of the shell. Hybridization signals were also observed in the 
outer epithelial cells of the dorsal region of the mantle which was related with nacre 
formation [6], while hybridization with sense probe as the control shows no hybrid- 
ization signal (Fig. 3.117c, d). This is accordant with previous reports that the mantle 
epithelial cells of bivalves collect Fe in lysosomes and calcified concretions includ- 
ing Fe present in mussel mantles [181—183]. All in all, ferritin proteins are abundant 
in the mantle (the outer fold especially); this may promote the course of iron storage 
and satisfy the requirement of iron for lasting shell formation [103]. 

The digestive gland is also a major tissue for metal accumulation. The high 
expression level of oyster ferritin mRNA in the digestive gland is accordant with 
its important roles in iron storage and metabolism. This is supplemented by histo- 
chemical results and microanalysis on the subcellular and cellular distribution of iron 
in mollusks. Even though the gill is a crucial organ for the concentration of dissolved 
metal irons from the water, the relative expression level of oyster ferritin mRNA in 
this organ is lower than that in the mantle (Fig. 3.116). This might be caused by the 
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Fig. 3.117 In situ hybridization of oyster ferritin mRNA of the mantle in pearl oyster. In the three 
folds of the mantle, hybridization signals (arrows indicate) were found only in the outer fold in (a). 
Strong hybridization signals appeared in the epithelial cells of both sides of the outer fold (arrows 
indicate) and cells under the basement membrane (arrow heads indicate) in (b). Hybridization 
signals were also represented in the outer epithelial cells of the dorsal part of the mantle (arrows) in 
(c). No hybridization signal appeared in the control section incubated with the sense probe in (d). 
OF outer fold, MF middle fold, ZF inner fold. Original amplifications are x100 (a, c and d) and 
x200 (b) 


reason that the gill is not an organ of iron storage. What’s more, oyster ferritin 
mRNA is also expressed in the muscle with a level higher than the gill, indicating 
that the muscle might participate in iron storage. 

The characterization and purification of ferritin proteins in a few molluscan 
species showed that they are different from mammalian ferritins in their structure 
and functional properties [80, 184, 185]. Until now, molluscan ferritin sequences 
have been cloned and characterized only in the freshwater snail (L. stagnalis) [177]. 

Compared with the heteropolymer ferritins of mammals, bacteria, ferritin mole- 
cules isolated from plants, and the freshwater snail (L. stagnalis) were shown to be 
homological [176, 177]. It is still unclear whether oyster ferritin only includes the 
H-chain homologous subunit. However, with the incorporation of iron in H-chains 
being quicker than in L-chains [180], and the fact that in molluscan, chiton 
(Clavarizona hirtosa), ferritin has been suggested to concentrate iron about ten 
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times more rapidly than horse spleen ferritin [186], it is possible that the oyster 
ferritin constitutes H-chain subunits. 


3.9 Ubiquitylation Functions in the Calcium Carbonate 
Biomineralization in the Extracellular Matrix 


Mollusks shell formation is regulated by matrix proteins and many of these proteins 
have been distinguished and characterized. Whereas, the mechanisms of protein 
regulation remain unknown. Herein, we report the ubiquitylation of matrix proteins 
of the prismatic layer from the pearl oyster, Pinctada fucata. The appearance of 
ubiquitylated proteins in the prismatic layer of the shells was identified with both 
Western blot and immunogold experiments. The coupled ubiquitins were isolated 
and distinguished by Edman degradation and liquid chromatography/mass spec- 
trometry (LC/MS). Antibody injection in vivo led to large amounts of calcium 
carbonate randomly assembling on the surface of the nacreous layer. These 
ubiquitylated proteins could attach to specific faces of calcite and aragonite, which 
are the main mineral compositions of the shell. In the in vitro calcium carbonate 
crystallization experiment, they could decrease the rate of calcium carbonate pre- 
cipitation and stimulate the calcite formation. What’s more, when the linked 
ubiquitins were removed, the functions of the EDTA-soluble matrix of the prismatic 
layer were different. Their ability to inhibit precipitation of calcium carbonate was 
reduced and their effect on the morphology of calcium carbonate crystals was 
different. In conclusion, ubiquitylation participated in shell formation. Even though 
the ubiquitylation is thought to take part in every aspect of biophysical processes, our 
work combined the biomineralization-related proteins and the ubiquitylation mech- 
anism of the extracellular matrix for the first time [41]. This would stimulate our 
understanding of the shells biomineralization and the ubiquitylation procedure. 


3.9.1 Ubiquitylated Proteins in the Prismatic Layer 


Reports have shown that ubiquitin may participate in the processes of biomineral- 
ization. Biochemical analyses were conducted to investigate whether ubiquitylated 
proteins participate in the nacreous layer and/or the prismatic layer. Monoclonal 
antibodies synthesized against poly-ubiquitin and mono-ubiquitin was used for 
immunolocalization in EDTA extracts of nacre and prisms, respectively. Western 
blot analyses found ubiquitylated proteins exist in the EDTA-soluble matrix (ESM) 
of the prismatic layer exclusively. There is no ubiquitin-specific signal in the matrix 
of the nacreous layer and the EDTA-insoluble matrix (EISM) of the prismatic layer 
(Fig. 3.118a). 
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Fig. 3.118 Ubiquitylation of matrix proteins from P. fucata. (a) The ubiquitylated proteins were 
identified by Western blotting of EDTA extracts of nacre and prisms extracted from the shell. The 
ubiquitylated proteins were mainly existed in the EDTA-soluble matrix protein of prismatic layer. 
P-ESM, EDTA-soluble matrix protein of the prism; P-EISM, the EDTA-insoluble matrix protein of 
the prism; N-ESM, EDTA-soluble matrix protein of the nacre; N-EISM, the denatured part of the 
EDTA-insoluble matrix protein of the nacre. (b) Time-course reaction of isopeptidase with the 
EDTA-soluble matrix segment of the prismatic layer. Reaction products were identified by Western 
blotting. The reaction was executed at 37 uC with a volume of 15 ml possessing 0.1 mM of 
isopeptidase, 2 mg of substrate, for the immediate times. Mono Ubi, mono-ubiquitin. (c) Amino 
acid sequences of ubiquitin indicating the residues identified by Edman degradation (underlined) 
and the peptide sequences distinguished by LC-MS analysis (red highlights) 


To further affirm the presence of ubiquitylated proteins, isopeptidase was utilized 
to catalyze the cleavage of the isopeptide bond binding the terminal diglycine to 
ubiquitin [187]. A time course reaction was conducted. The anti-ubiquitin signal was 
stronger in the 8.5 kDa line along time, 1.e., the molecular mass of ubiquitin in most 
animals (Fig. 3.118b). The 8.5 kDa proteins were degraded by Edman degradation 
and 17 amino acid residues of the N terminus (MQI FVK TLT GKT ITL EV) had 
100% homology with the ubiquitin studied in various mollusks. According to the 
N-terminal residues, we obtained the cDNA sequence of ubiquitin by 3’-RACE and 
5'-RACE to further investigate whether the 8.5 kDa protein was ubiquitin. The 
8.5 kDa protein was further tested using liquid chromatography/mass spectrometry 
(LC/MS) (Fig. 3.118c). The LC/MS data affirmed that the 8.5 kDa protein was 
P. fucata ubiquitin. 

The EDTA-etched nacreous and prismatic layers were immunogold-labeled with 
anti-ubiquitin antibodies as the first antibody and 5 nm gold-labeled antibodies as the 
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Fig. 3.119 Immunogold labeling of ubiquitylated proteins in the nacreous layer (a and b) and the 
prismatic layer (c and d) from Pinctada fucata. The complexes formed by the antigen first antibody, 
second gold-labeled antibody were observed as tiny bright spots via SEM-BSE. (a) SEM image of 
immunogold dying of the nacreous layer surface. The black arrow represents the EDTA-insoluble 
framework, while the black arrowhead shows the etched aragonitic tablets. (b) SEM-BSE picture of 
the same area indicated in (a). (c) SEM image of the immunogold-dyed prismatic layer surface. The 
black arrow means the EDTA-insoluble framework, while the black arrowhead points the etched 
prisms. (d) SEM-BSE image of the same area represented in (c). Ubiquitylated proteins were 
observed in the prisms and on the superficies of the EDTA-insoluble framework. Scale bars, 5 mm 
in (a)—(d) 


secondary antibody to clarify the microstructural location of native ubiquitylated 
proteins of the shell. The EDTA exposure allowed the calcium carbonate in the shell 
to be slightly damaged away to expose proteins of the shell’s structure. The 
aragonitic lamellae in the nacre were etched away (Fig. , black arrowhead), 
but the matrix between lamellae was not influenced as it is EDTA-insoluble frame- 
work (Fig. , black arrow). The nacreous layer was not observed of gold as 
there were no bright, tiny spots to show high atomic number gold elements with 
SEM in backscattered electron mode (SEMBSE) (Fig. ). The prism layers were 
etched away (Fig. , black arrowhead) and the insoluble framework was 
recognized by the antibody (Fig. 3.119c, black arrow) in the prismatic layer. The 
tiny spots suggested that ubiquitylated proteins were present in the prisms and on the 
surface of the framework (Fig. ). Shell sections incubated without the anti- 
ubiquitin antibodies have negative control and no staining was found in these 
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sections (data not shown). The microstructure distribution of the ubiquitylated pro- 
teins in the shell affirmed the results of the Western blot analyses [41]. 


3.9.2 In Vivo Investigation of the Role of Ubiquitylated 
Proteins During Shell Mineralization [41] 


An in vivo antibody injection experiment was conducted to further identify the role 
of ubiquitylated proteins in shell formation. Anti-ubiquitin antibodies were injected 
into the extrapallial fluid of P. fucata at concentrations of 0.5 mg or | mg of protein 
per day per gram wet weight of oysters. The inner surfaces of the nacre were 
surveyed by SEM at 3 days after the antibodies were injected. The surfaces in the 
preimmune rabbit serum-injected group was full of small flat tablets of aragonite 
with a stair-like growth pattern which was resembled to untreated samples 
(Fig. 3.120e, f). Compared with the preimmune rabbit serum injected experiment 
group, small tablets with abnormal shapes were randomly assembled on the surface 
of the nacre in 11 of the 15 individuals in the low concentration (0.5 mg/g/d) 
antibodies-injected experiment group (Fig. 3.120a, b). These abnormal tablets dam- 
aged the stair-like growth pattern of the inner shell surface. This abnormal phenom- 
enon was more obvious in the high concentration (1 mg/g/d) injected experiment 
group (Fig. 3.120c, d). More crystals were assembled on the surface and they bound 
together to form a new mineralized layer in 12 of the 15 samples. Chemical 
constitute analyses using energy-dispersive X-ray spectroscopy suggested that the 
abnormal precipitates were constituted of carbon, calcium, oxygen, and a small 
amount of magnesium (Fig. 3.120g). The physiological effects of ubiquitylated 
proteins were depressed, which caused the anomalous deposition of calcium car- 
bonate on the surface of the nacre. What’s more, the surfaces of the prism of the 
antibody injected experiment groups were not influenced. These findings suggested 
that these ubiquitylated proteins may work as a negative regulator of calcium 
carbonate deposition. 


3.9.3 Immunoaffinity Chromatography of the Ubiquitylated 
Proteins 


This research found that the ubiquitylated proteins of the ESM of the prism played an 
important role in shell formation. The effects of these proteins were further explored 
by isolating the ubiquitylated proteins using immunoaffinity chromatography (IAC). 
Anti-ubiquitin antibodies were bound on the column to purify the ubiquitylated 
proteins. The purified proteins were then confirmed using a dot blot assay. As 
Fig. 3.121 had shown, the ubiquitylated proteins of the purified sample were 
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Fig. 3.120 The physiological effects of the ubiquitylated proteins were repressed by antibody 
injection. (a) SEM image of the surface of shells from the low dosage antibody-injected group. The 
stair-like growth pattern was destroyed. (b) Amplification of the box indicated in (a), illustrating the 


3.9 Ubiquitylation Functions in the Calcium Carbonate Biomineralization. . . 423 


A IAC-EP (ng) B Unbound Protein (ng) 
è ` + . anti-ubi anti-ubi 
Control Control 
50 10 1 041 0.01 0.005 50 10 #1 041 001 0.005 
C P-ESM (ng) 
* anti-ubi 


Control 
50 10 1 0.1 0.01 0.005 


Fig. 3.121 Finding of ubiquitylated proteins in the proteins rich in IAC. The IAC-enriched proteins 
(a) and IAC unbound proteins (b) and EDTA-soluble matrix protein of the prismatic layer (c) were 
analyzed by a dot blot. The extracts were aligned with known amounts of [AC-enriched proteins, 
which were diluted serially and used as positive controls. The negative controls were executed 
without the anti-ubiquitin antibodies 


enriched by over 1000-fold, whereas a dot of 0.01 ng enriched proteins was found in 
the analyses (Fig. 3.121a). The sensitivity of the substrate in the dot blot experiment 
was about 1~3 picograms following the manufacturer’s instruction (Millipore), and 
this shows that the enriched proteins were ubiquitylated proteins of the ESM from 
the prism. The immune-affinity column unbound material was also explored by dot 
blot and the data exhibited no ubiquitylated proteins in the unbound material 
(Fig. 3.121b). 


3.9.4 Interactions Between the Matrices of the Different Shell 
Layers 


The main matrix of the P. fucata shell is constituted of calcium carbonate, which 
forms aragonite in the nacreous layer and calcite in the prismatic layer, while chitin 
composes the major insoluble part of the organic framework. The binding assays 
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Fig. 3.120 (continued) crystals deposited on the inner surface of nacreous layer. (c) SEM image of 
the inner surface of shells from the high dosage antibody-injected group. More crystals were 
randomly assembled. (d) Amplification of the box shown in (c), indicating that the crystals were 
attached together to form a new layer. (e) SEM image of the inner surface of shells from preimmune 
rabbit serum injected P. fucata shell showing the stair-like growth model. (f) Amplification of the 
box shown in (e), suggesting the flat tablets. (g) Energy-dispersive X-ray spectroscopy analyses of 
the deposition (black asterisk indicates) shown in (d). Scale bars, 200 mm in (a) and (c); 50 mm in 
(E); 25 mm in (b) and (d); 10 mm in (f) 
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Fig. 3.122 Binding ability of ubiquitylated proteins. The binding abilities of ubiquitylated proteins 
with chitin (a), calcite (b), and aragonite (c) were detected by Western blot. Lane 1, proteins after 
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were performed to analyze the binding ability of the ubiquitylated proteins with the 
major elements of the shell. The proteins were mixed with chitin and washed with 
distilled water, saline, and a hot denaturing solution successively in the chitin- 
binding assay. Ubiquitylated proteins were completely washed by water indicating 
that the proteins had a very weak binding ability with chitin (Fig. 3.122a). While in 
the calcite-binding assay, the ubiquitylated proteins were not all washed with water 
and saline, but they were eluted by the denaturing solution, which showed that these 
proteins could bind stronger to calcite (Fig. 3.122b). While with aragonite, some 
proteins were washed with water, most proteins were eluted with saline, and some 
proteins of high molecular weight were washed with Laemmli buffer, which indi- 
cates that these proteins could also bind to aragonite tightly (Fig. 3.122c). 

These results suggest that the ubiquitylated proteins have binding ability to calcite 
and aragonite. We confirmed this hypothesis by mixing the rhodamine-labeled 
ubiquitylated proteins with calcite and aragonite. The binding distribution of 
ubiquitylated proteins was located to the needlelike extensions of aragonite and 
the margins of calcite (Fig. 3.122d and e). On the contrary, the fluorescence was 
observed on all the aragonite and calcite surfaces with the immuno-affinity column 
unbound material or ESM of the prismatic layer (Fig. 3.99f-1). BSA was added in the 
control experiment and no fluorescent signal was observed on the surface of calcium 
carbonate crystals (Fig. 3.99}, k). 


3.9.5 In Vitro Effect of Ubiquitylated Proteins on Calcium 
Carbonate Crystallization [41] 


A series of calcium carbonate precipitation assays was conducted to explore the 
effect of ubiquitylated proteins. The precipitation rate of calcium carbonate was 
detected according to the absorbance at 570 nm of saturated calcium carbonate 
solution. With the addition of ESM of the prismatic layer, the rate of precipitation 
decreased significantly (Fig. 3.123). The same dosage of ubiquitylated proteins 
inhibited the rate of precipitation weakly compared with the ESM of the prismatic 
layer. When the immuno-affinity column unbound matrix is added, the precipitation 
rate decreased stronger when the ubiquitylated proteins were used in the system. 
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Fig. 3.122 (continued) water washing; lane 2, proteins after 0.2 M NaCl washing; lane 3, proteins 
extracted with SDS/b-mercaptoethanol at 100 °C for 10 min . Ubiquitylated proteins were 
completely washed with water in the chitin-binding experiment (a) and with the denaturing solution 
in both the calcite- and aragonite-binding experiments (b and c). BSA was added as a negative 
control. Ubiquitylated proteins represented different binding patterns with aragonite (d) and calcite 
(e) in the in vitro crystal-protein binding assay. The EDTA-soluble matrix of the prismatic layer 
attached to all the surfaces of aragonite (f) and calcite (g). The I[AC-unbound proteins attached to all 
the surfaces of aragonite (h) and calcite (i). BSA was applied as a negative control indicating no 
signals with aragonite (j) or calcite (k). Scale bars: 20 mm in (d)—(k) 
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Fig. 3.123 Inhibitory ability of ubiquitylated proteins during calcium carbonate precipitation. 
Changes in the turbidity of the assayed solutions are recorded as figure. , BSA (10 pg/ml) was 
used as a negative control. @, The EDTA-soluble matrix protein from the prismatic layer (5 pg/ml) 
was used as a positive control. A, 2 ug/ml ubiquitylated proteins. Bl, 5 mg/ml ubiquitylated proteins. 
¢, 10 mg/ml ubiquitylated proteins. O, 5 mg/ml IAC unbound proteins 


To identify the function of these ubiquitylated proteins on the calcium carbonate 
growth, two in vitro crystal growth experiments were performed to explore the 
formation of aragonite and calcite. The functions of ubiquitylated proteins on calcite 
growth were performed in a magnesium-free solution. In the control experiments 
added with 30 mg/ml BSA (Fig. 3.124a, b), the precipitated crystals showed typical 
rhombohedra of calcite with smooth surfaces. With the addition of ESM of the 
prismatic layer at a concentration of 30 mg/ml, the formed crystals didn’t look 
uniform, but they were deficient on the edges and corners (Fig. 3.124e, f). Raman 
analyses were used to compare the same specific peaks as those obtained in the 
control group, which confirmed the calcitic character of these crystals (Fig. 3.124q, 
r). On the contrary, the crystals had spherical shapes with 30 mg/ml ubiquitylated 
proteins (Fig. 3.1241, j). These crystals were affirmed to be vaterite by Raman 
analyses (Fig. 3.124s). The immuno-affinity column unbound matrix could change 
the shape of the deposited crystals to form flexible morphologies of calcite 
(Fig. 3.124m, n and t). 

Magnesium (50 mM) was added into the aragonite precipitation solution to 
duplicate the solution of the extrapallial fluids found in P. fucata. In the control 
groups, typical large needle-shaped crystals were found together with many small 
rodlike polyhedral crystals (Fig. 3.124c, d). None of these typical calctum carbonate 
crystals were found with ESM of the prismatic layer (30 pg/ml). Aragonite growth 
was depressed in this system and some gel-like aggregates appeared (Fig. 3.124g, h). 
The Raman spectra indicated that these aggregates were not typical crystals in the 
absence of characteristic peaks (Fig. 3.124r). Unlike the ESM of the prism, the 
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Fig. 3.124 In vitro crystallization assays with the addition of ubiquitylated proteins. The function 
of ubiquitylated proteins on the calcium carbonate crystals growth was detected in two crystalliza- 
tion systems, that is, aragonite growth in the middle column and calcite growth in the left column. 
(b) 30 mg/ml BSA was used as the negative control. (f) 30 pg/ml EDTA-soluble matrix of the 
prismatic layer was used as a positive control. The crystals were observed. (i) 30 pg/ml 
ubiquitylated proteins were used to the system to stimulate the formation of vaterite. (n) 30 pg/ml 
IAC unattached fraction was used. (d), (h), (1), and (p) are the same as those indicated in the left 
column, except that 50 mM Mg** was used to these systems. (h) No crystals were found in the 
aragonite growth systems, when adding EDTA-soluble matrix of the prismatic layer. (1) The 
ubiquitylated proteins stimulated calcite formation with a 30 pg/ml dosage. (p) The IAC unbound 
fraction could stimulate the formation of round crystals. Right column, Raman spectra of the 
crystals formed in calcite and aragonite systems. (a), (e), (i), (m), (c), (g), (k), and (o) show 
amplificated images of the boxed regions in (b), (f), G), (n), (d), (hb), (D), and (p), respectively. 
Scale bars: 100 um in (f), Gj), (1), (in), and (p); 50 um in (d) and (h); 25 um in (b); 10 pm in (i) and 
(k); 5 um in (a), (c), (e), (g), m), and (n) 
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3.125 Effect of ubiquitins in the ubiquitylated proteins. (a) Catalytic stimulation of 


isopeptidase with ESM from the prismatic layer or ubiquitylated proteins. Different segments 
were analyzed using Western blotting with anti-ubiquitin antibodies. Lane 1, the ESM proteins 
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crystals formed with ubiquitylated proteins were not needle-shaped but cuboid-like 
in shape with some etching at the margins and corners (Fig. 3.124k, 1). These crystals 
were affirmed as calcite according to their Raman spectra (Fig. 3.124s). The 
immunoaffinity column unbound matrix could lead the formation of spherical- 
shaped calcite (Fig. 3.1240, p and t). These immunoaffinity column unbound matrix 
could induce the deposition of calcite in the aragonite precipitation solution, as 
Aspein was observed in the ESM of the prism and could induce the formation of 
calcite. The trend of calcite formation may be the function of the Aspein-like 
proteins in the immuno-affinity column unbound matrix. 


3.9.6 The Function of Ubiquitin 


To further explore the functions of ubiquitin in these proteins, the ESM of the IAC 
and the prismatic layer bound ubiquitylated proteins were catalyzed by isopeptidase 
to cleave the ubiquitin. After catalyzation for 1 h, the ubiquitin was completely 
cleaved off the proteins (Fig. 3.125a). After the ubiquitin was completely removed 
off the proteins, SDS-PAGE analyses exhibited a multiband result suggesting that 
more than one protein was ubiquitylated (data not shown). The ubiquitin-removal 
fraction was detected in the following protein function analyses. As the calcium 
carbonate precipitation experiments had shown, the removal of ubiquitins in the 
ESM of the prismatic layer could induce inhibitory effect in calcium carbonate 
precipitation experiment. Whereas, the ubiquitylated proteins could suppress the 
rate of precipitation to a resemble degree with or without ubiquitin (Fig. 3.125b). 
In the calcium carbonate growth experiment, the dislodge of ubiquitins from 
ESM of the prismatic layer could lead to the deposition of abnormal shaped calcite 
with no magnesium (Fig. 3.125c, d). With the addition of magnesium, the removal of 
ubiquitin could induce the formation of etched calcite (Fig. 3.125e, f), while the 
ESM of the prismatic layer could lead to the formation of some gel-like aggregates 
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Fig. 3.125 (continued) from the prismatic layer. Lane 2, the ESM proteins of the prismatic layer 
after incubation for | h with isopeptidase. Lane 3, the ubiquitylated proteins. Lane 4, the 
ubiquitylated proteins after incubation with isopeptidase for | h. (b) Inhibitory ability of the 
ubiquitin-removed fraction in calcium carbonate precipitation assay. MM, BSA (10 pg/ml) was 
added as the negative control. ©, 5 pg/ml ESM proteins of the prismatic layer. A, 5 pg/ml 
isopeptidase reacted with ESM of the prismatic layer. 27, 5 ug/ml the untreated ubiquitylated 
proteins. *, 5 ug/ml isopeptidase reacted with ubiquitylated protein. The functions of the 
isopeptidase processed ESM of the prismatic layer (30 pg/ml) on crystal growth were detected in 
a calcite growth experiment (d) and an aragonite growth assay (f). The functions of the isopeptidase 
incubated ubiquitylated protein (30 pg/ml) on the growth of crystal were detected in a calcite growth 
experiment (h) and an aragonite growth assay (j). (c), (e), (g), and (i) show amplifications of the 
boxes in (d), (Ê, (h), and (j), respectively. (k) and (l) indicate the Raman spectra of the crystals 
grown in (d), (£), (h), and (j). Scale bars, 25 mm in (g); 500 nm in (h); 5 mm in (c), (e), and (i); 
100 mm in (d), (f), and (j) 
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(Fig. 3.124g, h). The ubiquitin-removed IAC could bind ubiquitylated proteins 
leading to the formation of vaterite in the absence of magnesium and calcite with 
magnesium (Fig. 3.125g—j). With or without magnesium, the addition of ubiquitin or 
poly-ubiquitin chains (Ub2—7, K48-, or K63-linked) in the calcium carbonate crys- 
tallization solution did not influence crystal deposition or morphology (data not 
shown). Therefore, the removal of ubiquitin influenced the functions of the ESM of 
the prism but not the ubiquitylated proteins only. 

This work was modified from the paper published by our group in scientific 
reports (Liu, C. et al. 2015, 5; Yan, Y. et al. 2017, 7), marine biotechnology (Zhang, 
C. et al. 2006, 8, 624-633), biomacromolecules (Yan, Z. et al. 2007, 8, 3597—3601,), 
journal of biological chemistry (Fang, D. et al. 2012, 287, 15776-15785; Kong, 
Y. et al. 2009, 284, 10841-10854; Pan, C. et al. 2014, 289, 2776-2787; Ma, Z. et al. 
2007, 282, 23253-23263), biochemical and biophysical research communications 
(Zhang, C. et al. 2006, 344, 735-740), Plos One (Liang, J. et al. 2015, 10; Fang, 
D. et al. 2012, 7), comp. biochem., physiol., b-biochem., mol. biol. (Zhang, Y. et al. 
2003, 135, 565-573; Zhang, Y. et al. 2003, 135, 43-54), Acta Biochimica Et 
Biophysica Sinica (Feng, Q. et al. 2009, 41, 955-962), biochem. J. (Su, J. et al. 
2013, 454, 167-167), Crystengcomm (Su, J. T. et al. 2016, 18, 2125—2134,), crystal 
growth and design (Xie, J. et al. 2016, 16, 672-680), Biochimica Et Biophysica Acta 
general subjects (Huang, J. et al. 2007, 1770, 1037-1044), and Tsinghua Science and 
Technology (Ma, C. et al. 2005, 4, 499-503). The related contents are reused with 
the permission. 


Supplementary Table 3.1 


Chapter | Primer name Primer sequence 


35,1 ARNCCNCCRTANCCNCC 
ACTTGACTCCACCGATATITTTG 
GAATGAAGTTCGCCGCTGTT 
TTCCAATCCCARGGRTGACA 

MSI31F GGTTCTACCTACGGAAATCTTG 


MSI31R TCCTGAAGCCTGACCTGACA 
MSI60F GAACAATGACTGGAATGACA 


MSI60R GGAAAGGTATCCAATAACAAC 
MSI7F CTATGGCAAATACGGCGGTG 
MSI7R CCAGGTGAAAAGGTGAGTCC 
actF CACCCCAGCCTTTTATGTAG 
actR CGTCCG GTA ATT CGT AGT TC 

3.5.2 CCGGAATTCTACTGGCATAAACCTAATC 
CCGCTCGAGCGGTTAGTATTTGTATTTACGATGAC 
CCGCTCGAGCGGTTAAAATTTATGAAGGCACCAT 
GY5 CCGGAATTCGGTGGGCATTATCCGTAT 
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Chapter | Primer name Primer sequence 


3.5.3. | YGS-F1 GGNTAYGGNGGNTA YNG 
AACTATACCCTGAACGCATTCCACC 
TTICACTGCAGTTTCGAACTAC 
ATGCGTTCAGGGTATAGTTATTACAGC 
TACTACCAGAACTGTAATATGATGG 
gapdhF GCCGAGTATGTGGTAGAATC 
gapdhR CACTGTTTTCTGGGTAGCTG 

3.6.1 GCGGATCCGGCGGAGATGGTGAC 
GCCTCGAGTTATTGCAAAAAAATGAATATC 

3.6.2 | DGDF GCGGATCCGGCGGAGATGGTGACTAT 
DGDR GCCTCGAGTTATTGCAAAAAAATDAATATC 
GCGGATCCGGCGGAGATGACTATGGCAAA 
DDDF GCGGATCGCGGATCCGGCGGAGATGATGACTATGGCAAA 
DGYDF GCGGATCCGGCGGAGATGGTTACGACTATGGCAAA 

3.6.3 | PfN44-e-5 GATCCATGGGCTTTTGTTACAAAACATTTGG 
P{N44-e-3 CATCTCGAGAAATCCCGGGAAATCAGCAAATTTC 
TTCCCTCTACTATGAAGACAAG 
RACES GCCGTTGATTGGCTGTCC 
LONG CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT 
SHORT CTAATACGACTCACTATAGGGC 
NUP AAGCAGTGGTATCAACGCAGAGT 
AATCTCATACGGAGAAATTGGTGT 
FULL2 GAATGACACACATITTTITATIGTA 
RNAi-P1 CTAATACGACTCACTATAGGGAGAAGGAATICTATTITTTGATGC 
RNAi-P2 CTAATACGACTCACTATAGGGAGAAGGGTTTATTGTAATGTTCG 
RT-P{N44-F GAGGTCGGAGAAGTAAG 
RT-P{N44-R GAACACGATGGTAAAAA 


RT-GAPDH-F GCCGAGTATGTGGTAGAATC 
RT-GAPDH-R CACTGTTTTCTGGGTAGCTG 


qP-actin-f CTCCTCACTGAAGCCCCCCTC 
ATGGCTGGAATAGGGATTCTGG 
AAGAAATGTCACCCTTGGGATTGG 
AATCATCGCCACCATATCCATCG 
qNacrein-F GGCTTTGGCGACGAACCGGA 
ACACGGGGGAGTGGTCAGGG 
TIGCTGATGGATGTGAAG 
qPfN44-R CTGTATATTGCCGTTGATTG 

3.6.4 | Long UPM CTAATACGACTCACTATAGGGCAAGCAGTG 
— GTATCAACGCAGAGT 
Short UPM CTAATACGACTCACTATAGGGC 
NUP AAGCAGTGGTATCAACGCAGAGT 


Y2-R1 ACTTTTACTTTCAGAAGCGCAAGTCAATTC 
Y2-R2 TGAGTAACACGGCAAATAGGACTGCTAC 
Y2-F1 ATGAAGTCAGCTACGGTAGCAGTC 

Y2-F2 CGCTTCTGAAAGTAAAAGTGTTCATCGCC 
Y2-confirm F TACGATTCCCTGTGAAAGACAATCAAACG 
Y2-confirm R TATTCTCATCACAACAAAGGCACACAGGC 
eY2-F1 GGAATTCCATATGAATCCTTGGAATTATCC 
AGG 


(continued ) 
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Chapter Primer sequence 
eY2-R1 CCGCTCGAGCTAGTTGTTCCAGTTATTCC 


eY2-F2 GGAATTCCATATGAATCCTTGGAATTATCC 
AGG 
eY2-R2 GGAATTCCTAGTGATGATGATGATGATGGT 
TGTTCCAGTTATTCC 

RT-Y2-F1 ATGAACATGGGTAGAGAGTTC 

RT-Y2-R1 CACCAGTTGTTCCTGTTCCA 

RT-GAPDH-F | GCCGAGTATGTGGTAGAATC 

RT-GAPDH-R | CACTGTTTTCTGGGTAGCTG 
AGAATGAAGTTCGCCGC 

RT-KRMPI-R | GCATTTCCAATCCCAGG 

RT-Nacrein-F | GGCGACGAACCGGATGACG 

RT-Nacrein-R | GACTCTGTACACGGGGGAGTG 


TAAGACCATTCTACGGC 
ACCATATCCTCCATATAATCCT 
TGATAGTGAAGACGATGA 
TGTCATCATCATCATCATC 
dsY2-F GCGTAATACGACTCACTATAGGGAGATTGC 
oo 4 CGTGTTACTCACAGCGT 
dsY2-R GCGTAATACGACTCACTATAGGGAGACTAC 
— CCATGTTCATGTTCCTGC 
dsGFP-F GCGTAATACGACTCACTATAGGGAGAATG 
nal GTGAGCAAGGGCGAGGAG 
dsGFP-R GCGTAATACGACTCACTATAGGGAGATTAC 
n TTGTACAGCTCGTCCATG 
ATGAACATGGGTAGAGAGTTCTT 
ISTY2-R CACCAGTTGTTCCTGTTCCAAGG 

3.7.1 AARTGYGAYTAYCCNGARGC 
CTTGCCTTTTGAATGGGGAC 
primer 
gapdhF GCCGAGTATGTGGTAGAATC 
gapdhR CACTGTTTTCTGGGTAGCTG 
AAATTCCTGCTGGATGACTATG 
AACGGTCCACCATCTTTGTTCC 

3.7.4 | qGAPDH-F GCCGAGTATGTGGTAGAATC 
qGAPDH-R CACTGTTTTCTGGGTAGCTG 
qACCBP-F GACATGGAACAAAGATGGTGGA 
qACCBP-R CTGTGGCTGGAATGGTTGG 
AGGGTCAAGGTCATCCA 
TAAGCGAGCTTTTCCAA 
TGCTGCCATCACGTGAGTATG 
qPif-R GACTTCCCTTTCTCACACTTCCA 
qNacrein-F GAGCCAGAGGATGGGGAAA 
qNacrein-R GCCTCCATAGGTGTGAAACGA 
AGAATGAAGTTCGCCGC 
qKrmp-R GCATTTCCAATCCCAGG 
qP39-F CTGGAATGAGAGGATATG 


qP39-R TGCTGCTGTAATAACTATA 


(continued ) 
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Chapter | Primer name Primer sequence 


3.8.1 


EFP5 GAYGCNGAYGGNRAYGG 
EFPS' GAYAARGAYGGNRA YGG 
TTICTGACAGGCGTCTATCAACG 
EFgsp5 CAAAGGAAAAGCTCAATTAGGAG 
ATACAGAGATAAGATCTGCTTCC 
GAPDH5 GCCGAGTATGTGGTAGAATC 
GAPDH3 CACTGTTTTCTGGGTAGCTG 


3.8.2 |DI == ~~ |GCCWSCTACRBCTAYCWGTCIATG 


D2 | CTCCTTRATIGCYTYCACYTGYTC 
G1 | ACCTATCAGTCAATGTCCTTCT 
[G2 | GCTCCTCAAGGTATTCACTCT 


3.9 TGCARATHTTYGTNAARACNYTNAC 
CAATCTCTGTTGGTCTGGGGGAA 
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Chapter 4 D 
The Study on Enzymes Related geni 
to Biomineralization of Pinctada fucata 


Abstract As an efficient, economical, and clean catalyst, enzymes are expected to 
have novel features. Efforts have been made to screen new enzymes in marine 
organisms. In our recent studies, we explored the basic characteristics and functions 
of alkaline phosphatases, acid phosphatases, carbonic anhydrases, tyrosinase, and a 
novel astacin-like metalloproteinase in Pinctada fucata. 

An alkaline phosphatase (ALP), an acid phosphatase (ACP) and two isoenzymes 
(AcPase I and II), a novel carbonic anhydrase (CA), tyrosinase, and a novel astacin- 
like metalloproteinase were purified or isolated from Pinctada fucata. The specific 
activity of the enzymes and the optimum pH and temperature were detected. The 
effects of HPO,°~ production and the product-analog WO,°, MoO,°~, and AsO,°~ 
as well as some metal ions on the related enzymes were also determined. The effect 
of inhibitors on the enzyme activity was also examined. Besides, the tissue distri- 
bution of CA and tyrosinase was analyzed by in situ hybridization and RT-PCR. The 
effects of AcPase I on CaCO3 crystal formation were studied in vitro. Taken 
together, these results revealed the important functions and features of enzymes in 
Pinctada fucata, which would have important roles to further understand the 
enzymes in peal oyster. 


Keywords Alkaline phosphatases - Acid phosphatases - Carbonic anhydrases - 
Tyrosinase - Metalloproteinase 


4.1 Introduction 


4.1.1 Enzymes 


As an efficient, economical, and clean catalysts, enzymes are increasing used 
from laundry detergents and paper processing to fine chemical synthesis and 
diagnostic/research reagents [1]. Efforts have been made to screen new enzymes 
from various kinds of organisms to improve existing enzymes, optimize existing 
processes, or obtain marketable intellectual property. Marine life has long been 
neglected though it is a rich reservoir for enzymes. Since marine organisms live 
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in a quite different environment from land organisms, enzymes in these organ- 
isms are expected to have novel features. 


4.1.2 Alkaline Phosphatase 


As a substrate nonspecific phosphomonoesterase, alkaline phosphatase (ALP, EC 
3.1.3.1) can catalyze hydrolysis of a wide variety of phosphomonoesters under 
alkaline conditions. In the presence of a phosphate acceptor, ALP can also act as a 
transphosphorylase [2]. Over the past decade, ALPs from mammalian sources and 
microorganisms have been widely investigated and used as diagnostic and research 
reagents [3-6]. 

Based on kinetic and structural studies of the native and some site-directed mutant 
E. coli ALP, a detailed catalytic mechanism of the enzyme has been proposed. The 
reaction follows a ping-pong replacement kinetics and proceeds through a 
phosphoseryl intermediate to yield inorganic phosphate or to transfer the phosphoryl 
group to another alcohol [7, 8]. Although the detailed physiological functions have 
not been fully elucidated, the widespread distribution of ALP in almost all organisms 
indicates its important role in cell metabolism. In marine organisms, ALPs play 
important roles in cell phosphate metabolism, which is related to the absorption of 
phosphate and calcium in seawater as well as the biomineralization process in marine 
organisms. ALP activity has been used as a stress marker to assess the impact of 
environmental exotics, such as heavy metals and organic chlorides, on marine 
organisms [9, 10]. As a first step in screening for new ALPs from marine organisms, 
we have thoroughly studied ALP from a green crab Scylla serrata in previous studies 
[11]. Here, we report the purification of the ALP from Pinctada fucata and the 
enzymological properties of this enzyme. 

The crystal structures of ALP from E. coli, Pandalus borealis, and human 
placenta have been solved [2, 12, 13]. They are all homodimers with very similar 
overall topologies, and their active site architectures all had a metal triad (usually 
two zinc ions and one magnesium ion). Comparative studies of the primary sequence 
of ALPs from E. coli, P. borealis, S. cerevisiae, chicken, and humans showed 
25-45% sequence identity among ALPs from different species [14]. Most of the 
important functional residues, including the serine nucleophile (Ser-112 in E. coli 
ALP) and an arginine residue (Arg-166 in E. coli ALP) involved in substrate 
binding, are highly conserved, which means that similar catalytic mechanisms are 
shared in ALPs of different species. 

Although ALPs from bacteria and mammals have been widely studied, there are 
few reports about ALPs from Mollusca, which is the second largest phylum of the 
animal kingdom. A better understanding of oyster ALP would help determine the 
mechanism of shell and pearl formation. We illustrated the enzymatic properties of 
the tissue-nonspecific ALP from P. fucata as well as the OPA modification of this 
ALP. And we reported the chemical modification of three positively charged resi- 
dues of this alkaline phosphatase, lysine, arginine, and tryptophan. 
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4.1.3 Acid Phosphatase 


Acid phosphatase (AcPase) (orthophosphoric monoester phosphohydrolase, EC 
3.1.3.2) is widely distributed in plant and animal cells [15]. It is primarily localized 
in lysosomes, but the microsomal and soluble enzyme forms have also been 
documented [16, 17]. As a marker enzyme of lysosomes, acid phosphatase can be 
altered by the presence of xenobiotics and cadmium ions [18, 19]. Enzymes can 
potentially be used as biomarkers of marine pollution. AcPase is a multifunctional 
enzyme that is suggested to be involved in food degradation in digestive diverticula 
cells [20], protein and organelle turnover [21], cellular defense [22], contaminant 
detoxication [23], macrophage inflammatory responses [24], and endochondral 
ossification [25]. 

Acid phosphatase forms were mainly studied in vertebrate tissues. In inverte- 
brates, previous studies reported only a few acid phosphatase activities. Various 
enzyme forms have been purified from sea urchin eggs and embryos [26], mosquito 
[27], tapeworm [28], drosophila [29], and planarians previously. Recently, other acid 
phosphatases have also been well studied in desert locust [30], earthworm [15], and 
freshwater snail [19]. No acid phosphatase isolated from marine bivalves was 
reported before. 

Pinctada fucata is a marine pearl oyster that is widely cultured in China. 
However, in recent years, the oyster has been affected by a variety of pollutants 
and diseases. Although some drugs that enhance the immunity of the pearl oyster 
have been developed, the immunity mechanisms of mollusks have not been thor- 
oughly studied. In mollusks such as Pinctada fucata, acid phosphatase plays an 
important role in defense against pathogens. In our study, purification and partial 
characterization of two acid phosphatases from pearl oyster (P. fucata) were studied 
[20]. AcPase activity in P. fucata exposed to copper was also studied [31], and the 
results indicated that they were involved in cellular defense. In addition, the exact 
nature of how the AcPase works in vivo was also explored. 


4.1.4 Carbonic Anhydrase 


Carbonic anhydrase (CA; EC 4.2.1.1) catalyzes the reversible hydration of COs, 
accelerates the formation of bicarbonate, and plays an important role in a variety of 
physiological functions in mollusks, including acid—base regulation, calcification, 
respiration, and mineralization. The activity of CA and its effect on physiological 
functions of mollusks have been extensively studied [32—36]. CA was shown to play 
a role in mineralization of all invertebrates studied, and it was found to be essential 
for rapid shell development. 

Miyamoto et al. purified a matrix protein from nacreous layers of the pearl oyster 
(Pinctada fucata) and named it nacrein which contains a CA domain and many 
characteristic Gly—Xaa—Asn repeats [35]. Their results suggested that CA may play 
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important roles in calcium carbonate crystal formation of the nacreous layer. The 
nacreous layer formation model controlled by nacrein was also proposed. In another 
pearl oyster Pinctada margaritifera, which is regulated by calcitonin gene-related 
peptide [37], CA activity has been considered as one of the biomineralization 
markers during a phase of active growth. There seems to be little disagreement 
about the involvement of CA in the biomineralization of shells, but the mechanism 
involved is not fully understood. 

P. fucata produce pearls in the shells. Therefore, a pearl is equivalent to the 
nacreous layer, which consists of the aragonite crystal and organic matrices. In order 
to study the role of CA in the biomineralization of pearls, we isolated and identified a 
novel CA from the mantle of the pearl oyster. At the same time, we investigated its 
distribution in mantle tissue. The study provides further evidence that CA plays a 
role in the process of pearl formation and biomineralization. 


4.1.5  Tyrosinase 


Tyrosinase (monophenol; L-DOPA, oxygen oxidoreductase; EC1.14.18.1) is one of 
the copper-containing phenoloxidases widely distributed in nature. It catalyzes the 
orthohydroxylation of monophenols (e.g., tyrosine) to o-diphenols (e.g., 3, 
4-dihydroxyphenylalanine, DOPA) and the oxidation of the resultant o-diphenols 
to their respective o-quinones [38, 39]. Quinones formed by these reactions are able 
to bind free amino groups in proteins to form protein cross-linkages, eventually 
leading to the formation of insoluble protein polymers [40, 41]. In this way, 
tyrosinases or other phenoloxidases are thought to be involved in many biological 
processes in invertebrates, such as pigment formation [42, 43], wound healing [44], 
native immune response [43-47], and the sclerotization or quinone tanned of many 
insoluble, byssus [48, 49], chemical-resistant extracellular structure, including the 
egg capsules [50, 51] and the periostracum of the mollusk, which we pay attention to 
now [48, 52]. 

Periostracum is an uncalcified cuticle layer covering the surface of mollusk shell. 
It is one of the most powerful but most inert chemical structures in the animal 
kingdom. In addition to its direct protective contribution to organisms, it is also 
thought to play an important role in shell biomineralization. Periostracum enclosed 
the extrapallial space on the ventral side and separated it from the external environ- 
ment, enabling supersaturation conditions inside, which is necessary for the forma- 
tion of calcified layers [53]. Some studies also showed that it might act as the 
substrate for the initial deposition of calcium and even affect the formation of 
prismatic layer [54, 55]. The periostracum is secreted as a soluble precursor, and 
the periostracin is then cross-linked by o-diphenols and tyrosinase 
(or phenoloxidases) to form the insoluble periostracum. Therefore, isolation and 
sequence of these tyrosinases or phenoloxidases help to understand the molecular 
details of periostracum formation. 
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Although histological studies have demonstrated that  tyrosinases 
(or phenoloxidases) are involved in the formation of periostracum [48, 52], we do 
not know much about the molluskan tyrosinases. So far, only one tyrosinase has 
been partially purified from the mantle and the periostracum of the marine bivalve 
Modiolus demissus, and several other tyrosinases have been isolated from the other 
tissues of mollusk [43, 51, 56]. Among these molluscan tyrosinases, only two 
cephalopod tyrosinase amino acid sequences have been determined recently (Acces- 
sion Nos. AB107880 and AJ297474, respectively) [43]. In this study, a novel 
putative tyrosinase was cloned by RT-PCR, and rapid amplification of cDNA ends 
(RACE) from the mantle of pearl oyster Pinctada fucata. To the best of our 
knowledge, this is the first tyrosinase sequence identified from the bivalves. This 
tyrosinase was named OT47 because of its predicted molecular weight of 47 kDa, 
exhibiting a specific expression pattern, and may partially change our view on the 
secretion of periostracum in P. fucata. 


4.1.6 Glycosylphosphatidylinositol-Anchored Alkaline 
Phosphatase 


Astacin metalloproteinases are a family of zinc-dependent endopeptidases. Structur- 
ally, astacins contain several domain motifs: N-terminal signal and proenzyme 
sequences; catalytic domain that contains a zinc-binding motif HEXXHXXGXXH 
and a conserved methionine, which forms a unique “Met-turn” structure; and many 
contain multiple C-terminal domains [57]. 

Astacins function in the extracellular space and occur either as membrane-bound 
or secreted enzymes [58, 59]. They exhibit many different physiological functions, 
such as bone growth, embryonic development, digestion, morphogenesis, and cell 
migration [60-64]. The astacins can be roughly divided into three categories by their 
functions. The membrane-bound meprins found in the small intestine and kidney of 
mammals are thought to be involved in the processing of biologically active peptides 
and extracellular matrix proteins [59, 65]. Bone morphogenetic protein-1 (BMP-1) 
[60] and tolloid [62] form the second class and contribute to morphogenesis and 
embryonic pattern formation. Astacin-like enzymes also involve the hatching pro- 
cess of embryos. Previous studies have shown that the fish enzymes choriolysin H 
(HCE1 and HCE2) and choriolysin L (LCE) act synergistically to degrade the 
eggshell/chorion of embryos [66—68]. 

As an important skeletal extracellular matrix protein, collagen plays a crucial role 
in changing the morphology of calcite crystals [69]. Previous studies have demon- 
strated that the collagen can be synthesized in hemocytes and mantle of Haliotis 
tuberculata and it is also a significant matrix protein in nacre of the marine snail [70- 
72]. Previous work by Mount et al. [73] showed that a type of granulocytic 
hemocytes was directly involved in the production of oyster shell crystal. However, 
the function of the collagen secreted by hemocytes is not clear yet, which may be 
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required for nacre formation. In addition, the regulation of embryo development that 
may contribute to the assembly progress for constructing the shells of biomineralized 
structures is also largely unknown [74]. On account of the potential importance of 
astacins in embryo development, morphogenesis, and extracellular matrix disposi- 
tion, identification and characterization of members of this family in mollusks may 
help resolve the relative functions of these enzymes. 

In our lab, we reported the cloning of pf-ALMP, a novel astacin with cysteine 
arrays from bivalve pearl oyster, P. fucata. The expression pattern was investigated 
and revealed that pf-ALMP was abundant in hemocytes. We expressed, purified the 
functional catalytic domain of pf-ALMP in E. coli, and analyzed its proteolytic 
activity. The function of the cysteine arrays was also investigated [57]. 


4.2 Materials and Methods 
4.2.1 Materials 


Adult Pinctada fucata were collected from Beihai Oyster Culture Centre, Guangxi 
Province, China. After collection, the oysters were transported to the laboratory and 
stored in a filtered flow-through system. The aerated seawater is used at 20 °C until 
the enzyme is purified. 

p-Nitrophenyl phosphate (p-NPP) and phenylglyoxal (PG) were purchased from 
Merck. o-Phthalaldehyde (OPA) came from Amresco. 2,4,6- 
Trinitrobenzenesulfonic acid (TNBS), diethyl pyrocarbonate (DEPC), 5,5’-dithiobis 
(2-nitrobenzoic acid) (DTNB), p-aminomethylbenzene sulfonamide—agarosea, and 
Z-histidyldiazobenzylphosphonic acid agarose were Sigma products. DEAE-32 
cellulose was a Whatman product. Diethylmalonic acid and 5-dimethylamino-1- 
naphthalenesulfonamide (DNSA) were purchased from Aldrich and Fluka, respec- 
tively. Sephadex G-150 and Con A Sepharose 4B were purchased from Amersham 
Pharmacia Biotech (Uppsala, Sweden). DEAE-Sepharose Fast Flow, Sephadex 
G-200 superfine, and Con A Sepharose 4B were Pharmacia products. 
4-Nitrophenyl acetate (pNPA), acetazolamide (AZ), and carbonic anhydrase I 
(CA I) are from human erythrocytes. N-Bromosuccinimide (NBS) and other locally 
sourced chemicals were all analytical grade. 


4.2.2 Gene Sequence Acquisition 
4.2.2.1 RNA Extraction 
P. fucata adults were obtained from the Guofa Pearl Farm in Beihai, Guangxi 


Province, China. According to the manufacturer’s instructions, total RNA was 
extracted from the mantle tissue with the RNAzol RNA Isolation Kit (Biotecx, 
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Houston, TX, USA). RNA integrity was determined by separation on a 1.2% 
formaldehyde-denatured agarose gel and staining with ethidium bromide. The quan- 
tity of RNA was confirmed by measuring OD260nm with an Ultrospec 3000 
UV/Visible Spectrophotometer (Amersham, Piscataway, NJ, USA). 


4.2.2.2 Reverse Transcription—Polymerase Chain Reaction (RT-PCR) 


A pair of degenerate oligonucleotide primers was synthesized based on the con- 
served regions within each enzyme. These are listed as follows; the details can be 
found in the tables of the end. A total of 2.5 ug RNA from the mantle was used as 
template for the RT reaction with superscript II and oligo(dT) primers (Invitrogen, 
CA, USA) according to the manufacturer’s instructions on a_ Tgradient 
Thermocycler (Biometra, Gottingen, Germany). PCR cycles were generally 
conducted as follows: denaturation at 95 °C for 5 min, followed by 30 cycles at 
95 °C for 45 s, 43 °C for 30 s, and 72 °C for 1 min. A final extension step was 
performed at 72 °C for 10 min. There are some setting modifications according to 
different genes. PCR products were then electrophoresed, and the desired size bands 
were excised and purified using Wizard PCR Preps DNA Purification System 
(Promega, Madison, WI, USA). The purified PCR products were then subcloned 
into the pMD 18-T Vector (Takara, Dalian, China) and sequenced. 


4.2.2.3 Isolation and Sequencing of the P. fucata Enzyme cDNA 


Single-stranded cDNA for all rapid amplification of cDNA ends (RACE) reactions 
were prepared from the mantle total RNA by using the PowerScript™ (Clontech, 
Palo Alto, CA, USA). 5'-RACE and 3'’-RACE were performed using the SMART 
RACE cDNA Amplification Kit (Clontech) and Advantage 2 cDNA Polymerase 
Mix (Clontech) according to the manufacturer’s instructions. The gene-specific 
primer 5RP for 5’-RACE and 3RP for 3’-RACE was prepared based on the nucle- 
otide sequence of the cDNA fragment amplified by RT-PCR; the detailed informa- 
tion can be seen in the following list. All amplified products were cloned into pMD 
18-T Vector (Takara, Dalian, China) for sequencing. To confirm cloning and 
sequencing accuracy, a pair of gene-specific primers was used to re-amplify the 
entire cDNA from the start codon to stop codon with high-fidelity polymerase 
(Takara). The purified PCR products were subcloned into pMD 18-T Vector 
(Takara, Dalian, China) and then resequenced. 

Single-stranded cDNA for all rapid amplification of cDNA ends (RACE) reac- 
tions was prepared from the hemocytes total RNA using the PowerScript (Clontech, 
Palo Alto, CA, USA). 5'-RACE and 3'’-RACE were performed using the SMART 
RACE cDNA Amplification Kit (Clontech) and Advantage 2 cDNA Polymerase 
Mix (Clontech) according to the manufacturer’s instructions. The 5’- and 3’- regions 
were amplified by using specific primers based on the sequence obtained by 
RT-PCR and primers in the SMART RACE cDNA Amplification Kit (Clontech, 
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Palo Alto, CA, USA). The 5’-RACE was carried out under the conditions 
recommended by the kit above. To amplify the 3’-end of the cDNA, the PCR was 
conducted under the following conditions with some modifications: the annealing 
temperature decreased 2 °C every 3 cycles from 72 to 64 °C; 30 cycles were carried 
out at 64 °C; denaturation and extension were conducted at 94 °C and 72 °C, 
respectively. 


4.2.2.4 Construction of Expression Vectors 


The pcDNA3.1 expression vector was constructed by amplifying the full-length 
sequence using two primers, and then the PCR product was then inserted into the 
specific sites of pcDNA3.1, such as BamHI and EcoRI. The cysteine array deletions 
of pf-ALMP were generated by high-fidelity polymerase chain reaction with two 
primers and then subcloned into pcDNA3.1 as described above. To express a 
specific protein or an important domain, the pET-28(b) expression vector was 
constructed by amplifying the specific domains with two primers, and then the 
PCR product was inserted into the selected sites of pET-28(b), such as NcoI and 
XhoI. All recombination plasmids were ensured by DNA sequencing. 


4.2.3 Gene Expression Analysis 
4.2.3.1 DNA Sequencing and Sequence Analysis 


All recombinant plasmids were sequenced using an automated DNA sequencer 
(Applied Biosystems 377). A list of known sequences of the number of astacins 
was obtained from GenBank databases using the BLAST family of programs (http:// 
www.ncbi.nlm.nih.gov/BLAST/). The presence and location of signal peptide cleav- 
age site were analyzed using the SignalP v3.0 program [75] available at the Center 
for Biological Sequence Analysis, BioCentrum-DTU, Technical University of Den- 
mark (CBS prediction servers; http://www.cbs.dtu.dk/). Multiple alignments were 
created using the ClustalX program [76]. 


4.2.3.2 Gene Expression Analysis by RT-PCR 


Expression levels of related mRNA were examined using semiquantitative RT-PCR 
analysis. The primers were listed in the following tables. Tissue expression of the 
oyster-related mRNA was investigated by RT-PCR. As described above, total RNA 
was isolated from each of the mantle edge, mantle pallial, foot, gill, gonad, digestive 
gland, adductor muscle tissues, as well as the hemocytes of the adult individual of 
P. fucata. Equal amounts (2 pg) of total RNA from different tissues were reverse 
transcribed into cDNA with Superscript II and oligo(dT) primers in 20 uL of reaction 
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mixtures (Invitrogen, CA, USA). A PCR reaction was performed using Takara Taq 
DNA polymerase (Takara, Dalian, China), typically 95 °C for 5 min, 30 cycles of 
95 °C for 30 s, 52 °C for 30 s, and 72 °C for | min, followed by 1 min incubation at 
72 °C. The primer pairs used for amplification of related gene fragments were also 
listed as the following table. The PCR products were then subcloned into pMD 18-T 
Vector (Takara, Dalian, China) and verified by sequencing. Equal volumes of the 
PCR products were separated on a 1.5% agarose gel and stained with ethidium 
bromide. Negative controls were performed without the cDNA template to check for 
the cross contamination of the samples. 


4.2.3.3 In Situ Hybridization 


The tissues were removed from P. fucata and then immediately fixed in 4% 
paraformaldehyde overnight. In situ hybridization of oyster enzyme mRNAs was 
performed on frozen sections. Digoxigenin-labeled RNA probes were generated 
from the cDNA clone encoding the recombinant plasmid using a digoxigenin 
(DIG) RNA Labeling Kit (Roche, Hong Kong, China), with SP6 and T7 RNA 
polymerase for the sense and the antisense probe, respectively. RNA in situ hybrid- 
ization was performed as described in the above chapters with modification [77]. To 
avoid false-positive signals, the hybridization temperature increased to 58 °C. 


4.2.4 Enzyme Purification and Activities 
4.2.4.1 Enzyme Purification 


The alkaline phosphatase was prepared as previously described [78] in Sephadex 
G-150 gel filtration step. The active fractions were collected and assessed using 
affinity chromatography as described below. The active peaks were then combined 
and dialyzed for 72 h to remove the inorganic phosphate. All the purification pro- 
cedures were performed at 4 °C. The final preparations with specific activity of 1215 
unit mg ' showed homogeneity in the absence and presence of SDS on polyacryl- 
amide gel electrophoresis. 


4.2.4.2 Enzyme Purification of CA 


After careful separation from pearl oyster, the mantle tissue was homogenized in 
25 mM Tris—sulfate buffer (pH 7.5), containing 25 mM sodium sulfate using a blade 
homogenizer (Moulinex, Germany), and then centrifuged (10,000 x g,40 min). The 
supernatant was precipitated with 70% saturated ammonium sulfate overnight and 
then centrifuged at 10,000 x g for 40 min again. The precipitated proteins were 
dissolved in the Tris—sulfate buffer (pH 7.5) and then dialyzed against distilled 
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deionized water for about 48 h until no ammonium sulfate could be found. The 
solution was dialyzed against the same buffer as above (adjusted to pH 8.7) and then 
subjected to affinity chromatography. 

The affinity chromatography with p-aminomethylbenzene sulfonamide—agarose 
was conducted as described by Lucas and Knapp [79]. The dialyzed solution was 
loaded onto the affinity chromatography column pre-equilibrated with the same 
Tris—sulfate buffer (pH 8.7) and then eluted by 0.1 M KSCN. The effluent fraction 
containing KSCN was dialyzed against buffer (25 mM _ Tris—sulfate pH 7.5 
containing 25 mM sodium sulfate) until SCN— could not be detected. The protein 
was concentrated using a Nanosep Centrifugal Device (Pall, MWCO = 10 kDa). 


4.2.4.3. Protein Expression and Purification In Vitro 


Recombinant pET-28(b) plasmid was transformed into E. coli strain BL21(DE3) 
expressing T7 polymerase by induction with isopropyl-D-thiogalactoside (IPTG). 
Appropriate transformants were identified by restriction analysis and sequencing. 
Protein expression was induced with nearly 0.8 mM IPTG at 37 °C. When the optical 
density at 600 nm of the culture reached 0.6, IPTG was added. After the induction for 
3 h, bacterial cells were harvested by centrifugation at 10000 rpm for 5 min. 
Harvested cell paste from 11 bacterial cultures was suspended in 50 mM lysis buffer 
(containing 8 M urea, 0.02 M NaH»POu,, 0.5 M NaCl, pH 7.2) and then sonicated 
using a Branson Sonifier. After centrifugation (10,000 x g, 30 min, 4 °C), the 
supernatant was filtrated through a 0.45 pm filter and loaded onto a Ni-NTA affinity 
column (Amersham). The column was subsequently washed with binding buffer 
(including 8 M urea, 0.02 M NaH»PQOx, 0.01 M imidazole, 0.5 M NaCl, pH 7.2). The 
column was eluted with the elution buffer (containing 8 M urea, 0.5 M NaCl, 0.02 M 
NaH>2PO,, 0.5 M imidazole, pH 7.2). For protein folding, the procedure of Sabine 
Reyda [80] was followed. Inclusion bodies were dissolved in 8 M urea, 1 mM EDTA 
(ethylenediaminetetraacetic acid), 0.1 M B-mercaptoethanol, and 50 mM Tris-HCl, 
pH 8.0, at a protein concentration of 10 mg/ml. This solution was diluted into 50 mM 
Tris-HCI buffer (pH 8.0), containing 1 mM GSH (reduced glutathione), 0.1 mM 
GSSG (oxidized glutathionine), and 0.8 M L-arginine, so that a final concentration 
was 10 pg/ml, incubated for 24 h at 4 °C and dialyzed against 50 mM Tris-HCl 
buffer, pH 8.0, containing 0.1 uM ZnSOsg, and finally against zinc-free 50 mM Tris— 
HCI buffer, pH 8.0. 


4.2.4.4 Substrate Gel Zymography on SDS-PAGE 


Substrate gel zymography was performed using a modified method of Rockey. 
Briefly, 8% acrylamide running gels at pH 8.8 were polymerized with gelatin at a 
final concentration of 0.5% (w/v). A 3% stacking gel at pH 6.8 dose not contained a 
substrate. The purified protein was incubated for 30 min at room temperature in SDS 
sample buffer containing 5% w/v SDS at pH 6.8. Samples were not boiled or treated 
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with reducing agents to reanneal the proteins. Electrophoresis was performed on a 
vertical gel system (Amersham) at room temperature with constant current of 20 mA 
for 2 h. After electrophoresis, the gels were incubated for 1 h at 37 °C in a solution 
containing 2.5% (v/v) Triton X-100 and 50 mM Tris-HCl, pH 7.4. The gels were 
then transferred to a solution which contains 50 mM Tris-HCl, pH 7.4, and 10 mM 
CaCl, and incubated at 37 °C for 24 h. After incubations, gels were fixed and then 
stained with Coomassie Brilliant Blue G and destained to reveal clear bands from 
proteolytic activity. Clear proteolytic active bands were observed on a blue back- 
ground of stained intact gelatin. 


4.2.4.5 Western Blot 


SDS-PAGE was performed using 3.75% stacking and 7.5% separating gels, 
according to the method of Laemmli [81]. After electrophoresis, separated proteins 
were electrotransferred to nitrocellulose membranes by the Multiphor II Western 
blotting system (Amersham, Sweden). Purified polyclonal antibody was diluted 
1:50, and peroxidase-labeled anti-mouse IgG antibody (Amersham, Sweden) was 
used at 1:2000. Other procedures were based on Sambrook et al. [82]. For controls, 
membranes were incubated in normal mouse serum but not in antibody. 


4.2.4.6 Detection of Enzyme Activities 


The enzyme activity was measured in 0.05 M Na,CO3—NaHCO; buffer (pH 9.7) at 
40 °C by the absorbance changes at 405 nm accompanied by substrate hydrolysis 
(p-NPP). One unit of enzyme activity represents the amount of enzyme that catalyzes 
the formation of 1 pmol p-nitrophenol per minute from p-NPP. 

The alkaline phosphatase activity was determined spectrophotometrically by 
using p-NPP as a substrate [92]. The standard assay system contained | mM p- 
NPP in 50 mM sodium bicarbonate buffer (pH 9.00), and the reaction was performed 
at 25 °C. The released p-nitrophenol was measured by testing the absorbance 
increase at 405 nm using a molar extinction coefficient of 17.3 mM~' cm” 
determined under the assay conditions. One activity unit represents the amount of 
enzyme that required to catalyze 1 pmol reaction per minute under the assay 
conditions. The Ky, and k.a parameters were measured by the Lineweaver—Burk 
analysis. 

AcPase enzyme activity was measured spectrophotometrically from the rate of 
hydrolysis of model substrates. The amount of enzyme that increased the amount of 
the enzyme reaction product by | pmol/min was taken as 1 unit of the enzyme 
activity (U). The specific activity was expressed in units per | mg protein and was 
determined by Bradford [83] method with BSA as a standard. 

Upon most occasions, AcPase activity was determined using p-NPP as a substrate 
after a modification of the method described by Barett for the first time. The enzyme 
fractions were incubated with 200 uL 2 mM p-NPP in 20 mM Na-acetate buffer 
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(pH 5.0) for 20 min at 37 °C. The assay was stopped by the addition of 100 pL 1 M 
NaOH, and the amount of free p-nitrophenol was measured in a microtiter plate 
reader at 405 nm. The substrate specificity of AcPase was characterized by the 
liberation rate of inorganic phosphate using a method which was similar to that of 
ChandraRajan and Klein [84]. The concentration of the substrates in the assay 
mixture was 10 mM. 

The CA activity was determined spectrophotometrically using pNPA as a sub- 
strate. The standard assay system contained 1 mM pNPA in 0.01 M diethylmalonic 
acid (pH 8.0), and the reaction was performed at 35 °C. The released p-nitrophenol 
was assessed by measuring the increase in absorbance at 400 nm using a molar 
extinction coefficient of 16.3 x 10° M~'-cm~'). One active unit represents the 
amount of enzyme that catalyzes 1 umol reaction per min under assay conditions. 


4.2.5 Enzyme Modification and Functional Analysis 
4.2.5.1 Protein Folding 


The protein folding follow the procedure for Sabine Reyda [80]. Inclusion bodies 
were dissolved in 8 M urea, 50 mM Tris-HCI, 0.1 M B-mercaptoethanol, and 1 mM 
EDTA (ethylenediaminetetraacetic acid), pH 8.0, at a 10 mg/ml protein concentra- 
tion. This solution was diluted into 50 mM Tris-HCl buffer (pH 8.0), containing 
1 mM GSH (reduced glutathione), 0.1 mM GSSG (oxidized glutathionine), and 
0.8 M l-arginine, and the final concentration was 10 pg/ml, incubated for 24 h at 4 °C 
and dialyzed against 50 mM Tris-HCI buffer (pH 8.0), containing 0.1 uM ZnSOuz, 
and finally to zinc-free 50 mM Tris-HCl buffer, pH 8.0. 


4.2.5.2 Chemical Modification 


PALP (ALP from a pearl oyster, Pinctada fucata) reaction with different concentra- 
tions of PG was performed in 50 mM bicarbonate buffer at 25 °C (pH 9.00). The 
reagent was prepared in DMSO and had no effect on the activity of enzyme. The 
final enzyme concentration was 2.3 uM. A control tube without any PG was kept at 
the same time. After 30 min of modification, aliquot of HCl was added to end the 
reaction. The absorbance at 250 nm was determined to indicate the modification of 
arginine residues. The reaction mixture was then ultracentrifuged and diluted to 
determine the residual enzyme activity. 


4.2.5.3 Modification of PALP by TNBS 


All the reactions were conducted at 25 °C. The interfering Tris was removed by first 
passing the enzyme through a Sephadex G-50 column pre-equilibrated with 20 mM 
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Hepes buffer (pH 7.50). The modification process was performed by incubating 
PALP with diverse concentrations of TNBS in 50 mM bicarbonate buffer (pH 9.00). 
The final enzyme concentration was 2.3 uM. A control tube was kept with the same 
amount of enzyme but without any TNBS. After 30 min, the reaction was stopped by 
adding an equal volume of 0.2 M HCl to adjust pH to about 5.0. The reaction mixture 
was then ultracentrifuged using a Centricon (Millipore) apparatus to remove excess 
TNBS and then diluted ten times with 20 mM Tris-HCI buffer to determine the 
residual enzyme activity. 


4.2.5.4 Modification of PALP by PG 


Reactions of PALP with various concentrations of PG were performed in 50 mM 
bicarbonate buffer at 25 °C (pH 9.00). The reagent was prepared in DMSO and had 
no influence on the enzyme activity. The final enzyme concentration was 2.3 uM. A 
control tube without any PG was kept at the same time. After 30 min of modification, 
aliquot of HCl was added to end the reaction. The absorbance at 250 nm was 
measured to indicate the modification of arginine residues. The reaction mixture 
was then ultracentrifuged and diluted to determine the residual enzyme. 


4.2.5.5 Modification of PALP by NBS 


PALP (18 nM) was incubated with various concentrations of NBS (25—200 uM) in 
50 mM acetate buffer for 30 min at 25 °C (pH 6.0), followed by determination of the 
residual enzyme activity and recording of the absorbance spectrum at 280 nm with 
an Ultrospec 3000 (Pharmacia, Sweden) spectrophotometer with a reference cell 
containing NBS buffer. A control contained equivalent enzyme, but no NBS. Prior to 
the determination of the residual enzyme activity, the reaction mixture was subjected 
to ultrafiltered using a Centricon (Millipore, USA) apparatus to remove excess NBS 
and then diluted ten times with 20 mM Tris-HCl buffer. 


4.2.5.6 Influences of Temperature and pH on Enzyme Activities 


The optimum temperature of the enzyme was assessed by measuring the activity at 
different temperatures in the buffer described above. The reaction temperatures 
ranged from 22 to 78 °C. Thermal stability was researched by incubating the enzyme 
solution at different temperatures for different periods. The activities at different pHs 
were measured by using 0.1 M Gly—HCl buffer (pH 2.2—3.6), 0.1 M acetate buffer 
(pH 3.0-6.5), and 0.1 M Tris-HCl buffer (pH 7.0-9.0). The Km values were 
determined by repeated experiments using a Lineweaver—Burk plot at 37 °C with 
p-NPP as substrate. 
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4.2.5.7 Effects of the Product (HPO,” ) and the Product Analog (WO, ) 
on the Enzyme 


The roles of the product HPO,” and its analog WO,” on the enzyme were 
measured using assays in 0.05 M Na»CO°—NaHCO; (pH 9.7), 2 mM Mg** 4 mM 
p-NPP at 40 °C with different concentrations of HPO,” or WO,°_. The concen- 
trations ranged from 1.0 to 10 mM. The HPO,” and WO4?~ inhibition types on the 
enzyme were analyzed by changing the substrate p-NPP concentrations with HPO, 
*~ or WwO,°. 


4.2.5.8 Influences of Metal Ions on Enzyme Activities 


The influence of chemical reagents on the enzyme was analyzed. These chemical 
reagents included product analogs (WO,° , MoO,°-, and ASO,°_), haloids (CI, 
Br, I, and F`), heavy metal ions (Ag*, Pb**, and Cu**), the high relative 
molecular mass ACP inhibitor tartrate, protein denaturant ethanol, chelating reagent 
EDTA, as well as the chemical modification reagents bromoacetic acid (BrAc), 
formaldehyde, and dithiothreitol (DTT). Twenty pL of enzyme was incubated at 
37 °C in 0.1 mol-L~' acetate buffer (pH 5.0) containing the substrate and different 
concentrations of chemical reagents, and the reaction was stopped by 1 mL 
0.2 mol-L~' NaOH. The type of inhibition was determined by varying the concen- 
tration of p-NPP with the chemical reagents. 


4.2.5.9 Protection Experiments 


The enzyme was preincubated with different concentrations of AMP, 2-glycerol 
phosphate, phosphate, or tungstate, in 50 mM sodium bicarbonate buffer (pH 9.00) 
at 25 °C for 5 min. After 30 min of addition of the modifier, the reaction was stopped, 
and the residual activity was measured after ultracentrifugation and dilution. Control 
experiments without modifiers were carried out simultaneously. 


4.2.5.10 Stoichiometry of Inactivation 


Various partially modified enzymes were obtained by mixing enzyme with modifiers 
(TNBS, PG, OPA, or NBS) in specific molar ratio of 1:20 to 1:1000. After some 
time, reactions were terminated, and samples were taken and ultracentrifuged to 
remove unreacted reagents. The residual activities were determined after dilution, 
and the number of modified residues was measured concurrently. 
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4.2.5.11 AZ Inhibition and DNSA Binding of CA 


CA (8 pM) was incubated with different concentrations of AZ (from 0.1 to 1.0 uM) 
for 1 h at 35 °C. An aliquot was then used to determine CA activity as described in 
Sect. 4.2.4.6 above. 

A solution containing 1 uM of CA was incubated with DNSA (50 uM) for 10 min 
at room temperature. The fluorescence spectrum was recorded at 400-600 nm using 
a Hitachi F-2500 spectrofluorimeter with an excitation wavelength at 326 nm. 
Excitation and emission bandwidths were 5 and 10 nm, respectively. And the cuvette 
path length was 10 mm. 


4.2.5.12 Histochemical Detection of CA by Fluorescence 


Mantle tissue was dissected and washed with 0.9% NaCl. 10-ym sections were 
prepared in a — 20 °C cryostat. The sections were mounted on slides. Twenty uL of 
50 uM DNSA was added to the sections and incubated at 35 °C for 30 min. Sections 
used as controls (without DNSA) were incubated with phosphate buffer (50 mM, 
pH 7.5) alone. Sections were observed and photographed in a Leica Dialux micro- 
scope equipped with a high-pressure Hg lamp as the ultraviolet source. The sample 
was observed through a 460 nm barrier filter. 


4.2.5.13  Calcium—Binding Assay 


The calcium-binding ability of AcPase I was analyzed according to the stains-all 
method [85]. Gels were run, thoroughly washed with 25% isopropyl alcohol, and 
stained with 0.0025% stains-all, 7.5% formamide, 25% isopropyl alcohol, as well as 
30 mM Tris base(pH 8.8) in the dark for 4 days. Calmodulin, which was a calcium- 
binding protein [86], was used as a positive control. 


4.2.6 Cell Culture and MTT Assay 


NIH3T3 cells were kept in DMEM (Gibco BRL) containing 10% fetal bovine serum 
(FBS) (hyclone) at 37 °C and 5.0% CO3. The cells were seeded in 96-well plates at a 
density of 2.0 x 10* cells/well 24 h prior to transfection. Transfection was performed 
using pcDNA3.1 recombination plasmid using Sofast™ Transfection Reagent 
(Sofast, Xiamen, China). Forty-eight hours after transfection, 0.5 mg/ml 3-[4,5]- 
2,5-diphenyltetrazolium bromide (MTT) in fresh medium was added and incubated 
for an additional 4 h. And then the blue formazan crystals were dissolved in 200 ul 
dimethyl! sulfoxide (DMSO) and measured spectrophotometrically at 490 nm. 
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4.2.7 Statistical Analysis 


The data from the experiment involving MTT assays were analyzed using one-way 
determination of variance (ANOVA) in SPSS11.5 software, and p < 0.05 was 
considered as significant. 


4.3. Alkaline Phosphatase 


4.3.1 Purification and Enzymatic Characterization 
of Alkaline Phosphatase from Pinctada fucata 


4.3.1.1 Purification of ALP 


Purified enzyme with a specific activity of 2040 U mg ' was acquired using 
chromatography on DEAE-32 cellulose, Sephadex G-150, and DEAEA-25. 
SDS-PAGE analysis of the purified ALP demonstrated a single band with a molec- 
ular mass of ~40 kDa (Fig. 4.1). The purification steps are summarized in Table 4.1. 


Fig. 4.1 Purification of 1 2 
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Table 4.1 Purification of ALP from Pinctada fucata 


Total Total 
Volume | protein activity Specific activity Purification | Yield 
Steps (ml) (mg) ) (U mg — 1) (fold) (%) 


(U 
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fraction 
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Fig. 4.2 Effect of temperature (a) and pH (b) on ALP activity [78] 


4.3.1.2 Effect of Temperature and pH on ALP Activity 


The measured enzyme activities at different temperatures and pH values are shown 
in Fig. 4.2. The optimal catalysis reaction temperature was 45 °C,and the activity 
rapidly decreases at or above the optimum. 

The optimal pH of the enzyme in Fig. 4.2b was 9.7. The optimum pH 1s lower 
than that 10.0 for ALP. 


4.3.1.3 Effects of HPO,” “and WO,” on ALP 


As shown in Fig. 4.3, increased concentrations of Na HPO; or Na WO; in the assay 
system decreased the enzyme activity relative to the control. The effector 
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Fig. 4.4 Lineweaver—Burk plots inhibition of HPO,” and WO,°~. The experimental conditions 
were shown in this figure. The HPO,” (a) or WO,°” (b) concentrations for curves 14 were 0, 2, 
4, and 6 mM, respectively 


concentrations increased from 1 to 10 mM in the assay system, leaving only about 
33% activity at 10 mM concentrations. The inhibitory effect of HPO,” was slightly 
stronger than that of WO,°~. 

The Lineweaver—Burk plots (Fig. 4.4) showed that both HPO,” and WO,° 
could competitively inhibit the enzyme with inhibition constants of 0.89 and 
1.20 mM, respectively, which also indicates that HPO,° inhibits the enzyme 
activity more strongly than WO,” . 
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Fig. 4.5 Activation effects of ALP activity by metal ions. The experimental conditions were as 
follows: (a) Mg**, (b) Mn**, (c) Co**, and (d) Ca™* 


4.3.1.4 Effects of Metal Ions on ALP 


At concentrations ranging from 5 to 50 mM, positive monovalent alkali metal ions 
such as Li”, Na‘, and K™ had no significant effect on the ALP activity of Pinctada 
fucata (data not shown). Nevertheless, treatment with positive divalent alkali metal 
ions such as Mg**, Mn**, Co*, and Ca** increased the enzyme activity, as shown in 
Fig. 4.5. 

With 2 mM Mg”, the enzyme activity increased by 60% (Fig. 4.5a). Neverthe- 
less, compared to Mg**, Ca** had a relatively low impact on Pinctada fucata ALP 
activity (Fig. 4.5d), and the enzyme activity of 2 mM Ca** was increased by 27% 
compared with the control. Mn** and Co** significantly increased the enzyme 
activity at micromole concentrations (Fig. 4.5b, c). However, the Lineweaver— 
Burk analysis demonstrated that the mechanisms of these two ions were different. 
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Fig. 4.6 Lineweaver—Burk plots for the effect of metal ions on p-NPP hydrolysis. (a) The Mg** 
concentrations in curves 1—4 were 0, 0.1, 0.2, and 0.3 mM, respectively. (b) The Mn?” concentra- 
tions in curves 1—4 were 0, 40, 80, and 120 uM, respectively. (c) The Co°* concentrations in curves 
1—4 were 0, 15, 30, and 45 uM, respectively. (d) The Zn?* concentrations in curves 1—4 were 0, 10, 
20, and 30 uM, respectively 


The activity of Mg** on ALP (Fig. 4.6a) is not competitive, while the activity of Co 
** is competitive (Fig. 4.6c). The activity of Mn** on ALP activity showed a mixed 
uncompetitive and competitive role (Fig. 4.6b). 

Some heavy metal ions such as Zn**, Pb**, Cd**, and Cu** were demonstrated to 
inhibit the ALP activity (Fig. 4.7). As shown in Fig. 4.7a, treatment with 40 uM Zn** 
significantly reduced the ALP activity to only 30.8% of the control. Further increases 
of the Zn** concentration had a small additional inhibitory effect on the enzyme. 
When the concentration of Zn** was 200 pM, the activity was 24%, and the 
Lineweaver—Burk analysis using Zn** showed that the inhibition effect of Zn** on 
the enzyme was anti-competitive (Fig. 4.6d). 

Pb** and Cd** are two major elements of marine pollution. As shown in Fig. 4.7b, 
c, 11 pM Pb** and 55 uM Cd** inhibited the activity of enzyme to 82.3% and 73.2%, 
respectively. The results also demonstrated that Cu** could reduce the enzyme 
activity to 30.9% at a concentration of 200 uM (Fig. 4.7d). 
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Fig. 4.7 The inhibition effects of metal ions on the enzyme activity. The experimental conditions 
were as for Fig. 4.4, (a) Zn’*, (b) Pb”*, (c) Cd?*, and (d) Cu”* 


4.3.2 Chemical Modification Studies on Alkaline 
Phosphatase from Pinctada fucata 


4.3.2.1 Inactivation of ALP by TNBS 


Treatment of PALP with increasing concentrations of TNBS resulted in a gradual 
decrease of the enzyme activity (Fig. 4.8a). In the bicarbonate buffer at pH 9.00, the 
initial activity of the enzyme was reduced by 80% after incubation with 1.0 mM 
TNBS at 25 °C for 30 min. However, incubation of the enzyme with higher 
concentrations of TNBS could not result in more loss of activity, and the absorbance 
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Fig. 4.8 Inactivation of PALP in different concentrations of TNBS. 2.3 uM PALP was incubated 
with various concentrations of TNBS (0.1—1.5 mM) in 0.5 M bicarbonate buffer (pH 9.00), at 25 °C 
for 30 min, and then the residual enzyme activity (a) was determined, and the absorption spectrum 
was recorded (b). A sample without any TNBS was used as a control for activity assay. For each 
concentration, three measures were performed. The spectra were recorded on an Ultraspec 3000 
(Pharmacia) spectrophotometer with a reference cell containing PALP without TNBS treatment. 
The absorption spectra shown in B, from bottom to top, correspond to TNBS concentrations of 0.1, 
0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.5 mM, respectively 


spectrum of the modified enzyme became unchanged (Fig. 4.8b), indicating that 
after complete modification the enzyme retains about 20% of its initial activity. The 
loss of activities could not be restored by dialysis or ultracentrifugation, which 
indicates an irreversible reaction. Figure 4.8b shows the absorbance spectrum of 
the modified enzymes. The spectra reach a peak with the maximum at 345 nm and a 
shoulder around 420 nm, thus indicating the formation of the trinitrophenylamino 
derivatives [87, 88]. The increase of absorbance at 345 nm correlates well with the 
inactivation of PALP. These results suggested that the inactivation of PALP by 
TNBS was due to modification of lysine residues [89]. 
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Fig. 4.9 Inactivation of PALP under different concentrations of PG. 2.3 uM PALP was incubated 
with various concentrations of PG (0.1—1.0 mM) in 0.5 M bicarbonate buffer (pH 9.00) for 30 min 
at 25 °C, followed by the measurement of A250 and determination of the residual enzyme activity. 
A sample without any PG was simultaneously used as control for activity assay. For each 
concentration, the activity assay was performed in triplicates 


4.3.2.2 Inactivation of ALP by PG 


PG is an arginine-specific modification reagent and has been used to characterize the 
arginine residues of many enzymes [90, 91]. Reaction with increasing concentra- 
tions of PG resulted in a remarkable loss of the PALP activity and an increase in 
absorbance at 250 nm, which indicates the modification of arginine residues 
(Fig. 4.9). The PALP was completely inactivated by incubation with 1.0 mM PG 
for 30 min in bicarbonate buffer (pH 9.00) at 25 °C. Dialysis or ultracentrifugation 
could not restore lost activity, which indicates an irreversible reaction. Though PG 
was supposed to react with amino group to some extent [90, 92], it specifically 
modified the arginine residues [91] in the bicarbonate buffer system. The TNBS 
modified and the PG-TNBS double-modified PALP shared the similar A420 (data 
not shown), confirming that PG did not react with lysine residues. These results 
suggested that the inactivation of PALP by PG was due to modification of key 
arginine residues [89]. 


4.3.2.3. Correlation Between the Number of ALP—Modified Residues 
and Its Residual Activity 


If we assume that the reactivity of all the n modifiable residues including 
essential one(s) toward the residue-specific reagents is approximately the same 
and modification of any essential residues would inactivate the enzyme from the 
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Fig. 4.10 Correlation between the number of PALP-modified residues and its residual activity of 
2.3 uM PALP was incubated with a specific molar proportions ranging from 1:20 to 1:1000 of 
modifiers (TNBS or phenylglyoxal). After a period of incubation, the activity of residue and the 
number of modified residues were measured as described above. Graphs (a) and (b) are for TNBS 
and PG inactivation, respectively. The data are presented as the Tsou’s plot fori = 1 (M),1= 2 (@), 
and 1 = 3 (A) 


initial activity of AO to the loss of AT, the relationship between the residual 
activity Ax against residue modification will be as follows: 


(Ax — AT)/(AO — AT)]1/i = (n — m)/n (4.1) 


where m is the number of modified residues and i is the tryout value for the 
number of essential residues. 

For PG modification, the enzyme was completely inactivated, so AT is equal to 
0. For TNBS inactivation, the residual activity AT could be obtained from the 
progress curves. The number of important lysine and arginine residues is the values 
of i which gives a straight line when plotting (Ax — AT)/(AO — AT), i.e., the fraction 
of fully active enzyme, against the number of residue(s) modified (m). In Fig. 4.10, a 
key lysine residue and a key arginine residue were involved in the activity of PALP. 


4.3.3 An Essential Tryptophan Residue in Alkaline 
Phosphatase from Pearl Oyster 


4.3.3.1 Inactivation of ALP by NBS 


NBS is a frequently used tryptophan-specific modification reagent that oxidizes the 
indole residue to an oxindole derivative. Treatment of PALP with increasing con- 
centrations of NBS led to a gradual decrease in the activity and absorbance at 280 nm 
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(Fig. 4.11). The enzyme was completely inactivated with 200 uM NBS. Dialysis or 
ultrafiltration could not restore the loss of activity, indicating that there was an 
irreversible reaction. 


4.3.3.2 Kinetics of Inactivation of PALP by NBS 


After incubating PALP with different concentrations of NBS, the partially modified 
enzyme was sampled at the same time intervals, and the residual activity was 
assayed. By plotting the logarithm of residual activity of the modified enzyme versus 
the time, a series of straight lines with different slopes was obtained. This result 
clearly showed that the inactivation of NBS followed pseudo first-order kinetics 
(Fig. 4.12). A straight line was drawn from the apparent first-order inhibitory 
constant (kobs) against NBS concentration. The slope represented second-order 
inactivation constant (Fig. 4.12, insert), k = 0.001 pM~'-min~'. An analysis was 
performed using Levy’s method [93] by plotting Inkobs against the logarithm of 
NBS concentration to obtain a straight line with a slope of 0.806, which was close to 
1, and indicated that at least 1 mole of NBS per mole of active site was required to 
inactivate the enzyme [57]. 


4.3.3.3. Correlation Between the Fraction of Residual Trp Residues 
and the Fraction of Remaining Activity of ALP Modified by NBS 


Tsou’s plot analysis was further used to calculate the number of inactivated essential 
tryptophan residues. If we assume that the reactivities of all n reaction sites including 
essential one(s) toward the residue-specific reagents are approximately equal and 
modification of any essential residues would inactivate the enzyme, the relationship 
between the fraction of residual activity of the enzyme (a) and the fraction of residual 
tryptophan residues (x) will be al/1 = x, where x = (n — m)/n, m is the number of 
modified residues and i is the tryout value for the number of essential residues. 
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Fig. 4.12 Kinetics of inactivation of PALP by NBS. By plotting the logarithm of residual activity 
of modified enzyme versus the time, the apparent rate constants for inactivation by different 
concentrations of NBS (lines 1-7 correspond to 25, 50, 75, 100, 125, 150, and 200 uM NBS, 
respectively) were obtained from the slopes of lines. For each concentration, three measurements 
were performed. The deactivated second-order rate constant was determined from the slope of line 
yielded by plotting kobs against various concentrations of NBS (insert) 


Fig. 4.13 Correlation 1.0 
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Figure 4.13 shows that when i = 1, only a straight line could be drawn when plotting 
al/i against x, indicating that only one of the five tryptophan residues is essential for 
PALP activity. Similar results for alkaline phosphatase from the green crab (Scylla 
serrata) have been reported [94]. 
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4.3.4 Purification and Enzymatic Characterization 
of Inhibition of Alkaline Phosphatase from Pearl Oyster 
Pinctada fucata by o-Phthalaldehyde 


4.3.4.1 Inhibition of ALP from P. fucata by OPA 


Incubation of ALP from P. fucata with increasing concentrations of OPA resulted in 
a gradual decrease in enzyme activity. Dialysis or ultracentrifugation could not 
restore the loss of activity, indicating an irreversible reaction. Figure 4.14 shows 
that deactivation follows pseudo first-order kinetics. The second-order rate constant 
was calculated by replotting the pseudo first-order rate constants (kop;) against OPA 
concentration. A linear relationship was observed, and the slope determined the 
second-order rate constant of 0.167 (mmol/L)~' - min! (Fig. 3.14 inset). An 
analysis using Lery’s method of plotting log kohs against the logarithm of the 
OPA concentration yielded a slope of 0.89 (Fig. 4.15), indicating that at least one 
mole of OPA per mole of active site was required to inactivate the enzyme [93]. 
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Fig. 4.16 Effect of lysine, histidine, and cysteine modifications on isoindole fluorescent of ALP 
from P. fucata. The enzyme (2.3 pinol/L) was incubated with 2.0 mmol/L DEPC, 0.2 mmol/L 
TNBS, or 1.0 mmol/L DTNB at 25 °C for complete modification, respectively. The modified 
enzyme samples were then treated with 1.0 mmol/L OPA for 1 h. The change in the isoindole 
fluorescence was monitored at an excitation wavelength of 337 nm 


4.3.4.2 Effect of Lysine, Histidine, and Cysteine Modifiers 
on the Isoindole Fluorescent of ALP from P. fucata 


Figure 4.16 demonstrates the effects of these residual specific modifiers on the 
isoindole fluorescence of the OPA-modified enzyme. Complete premodification of 
DEPC or TNBS eliminated the characteristic isoindole derivative peak at 415 nm. 
Nevertheless, DTNB pretreatment did not prevent the formation of isoindole fluo- 
rescence. These results strongly suggest that no cysteine residue was involved in the 
isoindole formation during the OPA inactivation. Therefore, the inactivation was due 
to the formation of an isoindole derivative which involves lysine and histidine 
residues. 


4.4 Acid Phosphatase 


4.4.1 Partial Purification and Properties of an Acid 
Phosphatase from Pinctada fucata 


4.4.1.1 Purification of ACP 


Figure 4.17 shows the elution profile of the enzyme present in the pearl oyster 

Pinctada fucata extract from gel filtration chromatography on Sephadex G-150. 
The protein peak and enzyme activity peak are located in different positions, 

which indicate that the extract from (NH4)2SO, precipitation was impure. Figure 4.18 


shows the profile of purified enzyme by affinity chromatography on a Con A 
Sepharose 4B column. 
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Table 4.2 Summary of the purification procedure of ACP 


Volume | Total Total Specific activity | Purification | Yield 
Steps (mL) protein (mg) | activity (U) | (U/mg) i (%) 


Extracts |765 |4300 63,400 14.7 1 |100 
NH)SO4 147 (617 (36,100 sso uoo 56.9 
G-150 11,500 14 18.1 


Con A 9800 1719 117 15.4 


The first protein peak was very high with little ACP, while the elution protein 
peak (the second protein peak) contained a higher concentration of ACP, which 
indicates that ACP is a glucoprotein. The purification results are shown in Table 4.2. 


4.4.1.2 Effects of Pb°™*, Cu?*, and Formaldehyde on ACP 


The product analogs W0,” , Mo0,7, and AsO,4°~ all showed competitive inhibition 
of the enzyme (Fig. 4.19), and WO, and MoO,? were stronger inhibition reagents 
compared to AsO,” 

Ag* and Cu** showed a strong enzyme inhibition. Only 1 x 107’ mol-L~'Ag* 
reduced the relative activity of the enzyme to 32%, while 5 x 107* mol-L~! Cu** 
suppressed the relative enzyme activity to 50% (Fig. 4.20). The Lineweaver—Burk 
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plot (not shown) showed that when the Ag” concentration increased, K m and V m 
were changed, which indicates a mixed type of inhibition. In contrast, Pb~* had little 
effect on the enzyme (Fig. 4.20). 

As we all know, ethanol is a strong protein denaturant. When the ethanol 
concentration was close to 32%, the activity of ACP began to decrease, while at 
an ethanol concentration of 64%, only 28% of the relative activity remained 
unchanged. Haloids including CI’, Br , and I did not inhibit or activate the 
enzyme, whereas F” slightly activated the enzyme at low concentrations (107 °—10 
a mol-L~') and inhibited it in higher concentrations (>10-° mol-L~'). 

Tartrate also found to inhibit the activity of the enzyme. A Lineweaver—Burk plot 
(not shown) showed that when the concentration of tartrate changed, both Km and 
Vm were modified, which indicated a mixed-type inhibition. 

However, the strong chelating reagent EDTA showed little effect on ACP, 
suggesting that the active site of the enzyme was free of metal atoms. 

For acid conditions, bromoacetic acid (BrAc) can selectively modify histidine 
residues in the enzyme. In the experiment, when the BrAc concentration was 
0.3 mol-L', the relative activity was only 20%, and when the concentration reached 
0.5 mol-L~', the relative activity was completely inhibited. These results suggest 
that histidine residues of the enzyme are essential for its catalytic activity and are 
located at the active site of the enzyme (Fig. 4.21). 

Dithiothreitol (DTT) can break the bisulfide bonds. When the DTT concentration 
reached 0.44 mol-L~', 50% activity was remained, suggesting that DTT can affect 
the activity, but the bisulfide bonds are not essential (Fig. 4.21). 
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Formaldehyde has been used to modify the enzyme amido. When the formalde- 
hyde concentration reached 40%, 20% of the activity was still present, suggesting 
that -NH> can affect the enzyme activity, but the amido is not essential (Fig. 4.22). 


4.4.2 Purification and Partial Characterization of Two Acid 
Phosphatase Forms from Pearl Oyster 


4.4.2.1 Purification of AcPase 


Figure 4.23a showed the elution profile from Sephadex G-200 superfine of acid 
phosphatases in the viscera of P. fucata. The enzyme activity was divided into two 
distinct peaks called AcPases I and H. AcPase II was combined, concentrated, and 
further purified by affinity chromatography on a Con A Sepharose 4B column 
(Fig. 4.23b). The purification steps are summarized in Table 4.3. 

SDS-PAGE analysis of purified AcPases I and II demonstrated a single band. The 
molecular masses of the subunit were ~208.8 and 29.8 kDa, respectively (Fig. 4.24). 
The molecular weights of the native enzymes were measured on a calibrated 
Sephadex G-200 superfine column. The experiments were carried out in triplicate 
with average molecular weights of ~197.1 and 64.3 kDa, respectively. These results 
indicated that AcPase I is a single polypeptide chain and AcPase II is a dimeric 
enzyme consisting of two equivalent subunits. 
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Fig. 4.23 (a) Sephadex G-200 superfine chromatography of pearl oyster extract. The column 
(1.0 x 80 cm) was equilibrated and eluted with 20 mM Tris-HCI buffer (pH 7.1, 2 mM ME). (b) 
Con A Sepharose 4B affinity chromatography of AcPase II eluted from Sephadex G-200 superfine. 
The column was washed with binding buffer and then eluted by the addition of 0.2 M methyl-a-d- 
mannopyranoside (arrow) 


Table 4.3. Summary of purification procedure of AcPase from P. fucata [20] 


Total Total 
Volume | protein o Specific activity | Purification | Yield 
Steps (mL) (mg) E (%) 


Crude extract S00 5185.67 T z 3.62 1 | 100 


(NH.)2SO, = 40 10.689 72.03 _- = 
fraction 

DEAE- et 35 4.811 113.60 ei 
Sepharose- 

FF 


G200 Superfine 


AcPase I 1.117 0.649 581.02 160.5 3.5 
AcPase II 1.140 0.829 727.19 200.9 4.4 


Con A Sepharose 4B 


AcPase II 0.285 0.633 2221.05 613.6 3.4 





4.4.2.2 Effect of Temperature and pH on AcPase I and II Activities 


Figure 4.25 showed the enzyme activities that were measured at different tempera- 
tures and pH values. The optimal catalytic reaction temperature for AcPase I was 
47 °C and for AcPase II was 57 °C (Fig. 4.25a, c). Using p-NPP as substrate, the 
optimal pH of AcPase I was 4.6, whereas the optimal pH of AcPase II was 3.2 
(Fig. 4.25b, d). AcPases I and II exhibited more than 80% activity in the range of 
pH 4.0—5.2 and 2.84.4, respectively. 

Figure 4.26 demonstrated the effect of preincubation of AcPases I and II at 
various temperatures for different times. After preincubation at 50 °C for 40 min 
for the two enzymes, the p-NPP hydrolysis only slightly decreased, but a higher 
temperature (60 °C) rapidly inactivated AcPase I (Fig. 4.26a). When incubated at 
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Fig. 4.24 SDS-PAGE of AcPases I (a) and II (b) from P. fucata. SDS-PAGE analysis was carried 
out on 7.5% gels for AcPase I and 15% gels for AcPase II. The gels were stained with Coomassie 
Brilliant Blue R-250. M, molecular mass standards; Lane 1, AcPase I (a) and AcPase II (b), 
respectively 
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Fig. 4.25 Effects of temperature and pH on activities of AcPases I (a, b) and II (c, d) from P. fucata 
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Fig. 4.26 Thermal stability of AcPases I (a) and II (b) from P. fucata. The values shown represent 
one typical experiment carried out in triplicate, and the control was not preincubated before enzyme 
activity was detected 


Table 4.4 Effects of metal ions and inhibitors on activities of AcPases I and AcPase II from 


P. fucata 

Relative activity (%) 
Added compound Concentration (mM) AcPase I AcPase II 
Co™* 101 311 
Fe** 70 152 
Fe** 5 11 7 
Zn” 5 44 73 
Cu” 5S O E 
Cd** 5 95 92 
Cr 130 98 
Mn’”* 5 107 113 
Pb** 5 46 59 
HPO,” 


41 88 
wo, sO 
2 SOS 
Tarate 77 
EDTA 93 
EGTA 112 


Gj} Nn 
OINI 


60 °C, AcPase I activity was decreased by about 81% after only 5 min, while AcPase 
II activity remained at 43%, even after 40 min (Fig. 4.26a, b). 


4.4.2.3 Effects of Metal Ions on AcPase I and II Activities 


Table 4.4 showed the effects of metal ions and inhibitors at various concentrations. 
Fe**, Zn**, Cu**, and Pb** inhibit the activity of AcPases I and II but to varying 
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Fig. 4.27 Distribution of 
AcPase activity in different 
tissues of P. fucata. 1, The 
digestive gland; 2, gills; 

3, mantle; 4, gonad; 5, foot 


specific AcPase activity (mU/mg) 





Tissues 


degrees. AcPase II was activated greatly by Co** and Fe**, while AcPase I was 
inhibited 30% by Fe**. Five mM Cr** had no effect on the activity of AcPase II but 
increased AcPase I enzyme activity to about 130%. 

The product (HPO,7 ) and the product analog (WO,° ) are strong inhibitors of 
the enzymes, and WO,°~ inhibits the enzyme activity more strongly than HPO,7~ 
(Table 4.4). Tartrate and F” were the most effective inhibitors of enzyme activity. 
The effects of measuring EDTA and EGTA at 5 mM indicate that AcPases I and II 
are not metal-dependent enzymes [20]. 


4.4.3 Immunolocalization of an Acid Phosphatase from 
Pinctada fucata and Its In Vitro Effects on Calcium 
Carbonate Crystal Formation 


4.4.3.1 Distribution of AcPase Activity in Different Tissues of P. fucata 


Figure 4.27 showed the AcPase activity observed in all tested tissues, but the 
distribution was not uniform. The highest level of AcPase activity was detected in 
the digestive gland. In the gills, mantle, and gonad, the level of AcPase activity was 
also relatively high, whereas the AcPase activity in the foot was lower than in other 
tissues (Fig. 4.27). 


4.4.3.2 Immunohistochemical Localization of AcPase I in Different 
Tissues of P. fucata 


The cross-reactivity between the purified polyclonal antibody and AcPase I in total 
oyster homogenates was tested by immunoblotting. The results are demonstrated in 
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Fig. 4.28. Only one visualized immunoreactive band was detected at 208.8 kDa, 
which was in accordance with the purified polyclonal antibody of AcPase I, whereas 
no band was observed in the control (Fig. 3.28). 

Sections of the digestive gland showed strong positive immunostaining in the 
stomach, duct, and digestive tubule epithelia (Fig. 4.29a, b). In connective tissues, 
there was no immunostaining (Fig. 4.29a). A positive reaction was observed in the 
base of gill filaments (Fig. 4.29c). In the case of the mantle, strong labeling was 
distributed in the outer-side epithelia of the middle fold and the inner-side epithelia 
of the outer fold. There was also a weak reaction in the epithelia of the spermatogenic 
duct (Fig. 4.29e). However, no positive immunostaining was observed in the oyster 
foot (Fig. 4.29f). No immunostaining was observed in the controls (Fig. 4.30) [31]. 


4.4.3.3 Inhibitory Activity of AcPase I on Calcium Carbonate 
Precipitation and Ca—Binding Activity 


AcPase I inhibited calcium carbonate precipitation in a dose-dependent manner and 
completely inhibited it at a concentration of 10 pg/ml, as shown in Fig. 4.31. Given 
the inhibitory activity of AcPase I on calcium carbonate precipitation, we analyzed 
its ability to bind calcium. We observed no positive results by stains-all method, 
which indicates that AcPase I probably had no affinity for calcium (data not shown). 


4.4.3.4 Morphology and Polymorph Determination of Calcium 
Carbonate Crystals Induced by AcPase I 


To study the effect of AcPase I on the morphology of calcium carbonate crystals, the 
in vitro precipitated crystals were examined by SEM. Crystals in the control exper- 
iment were completely hexahedral, which showed a typical morphology of calcite 
(Fig. 4.32e). In the presence of AcPase I, in addition to the typical morphology of 
calcite, crystals showed the conventional cluster needlelike morphology of aragonite 
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Fig. 4.29 Immunohistochemical localization of AcPase I in various tissues of P. fucata. (a) The 
stomach; (b) duct; (c) gills; (d) mantle; (e) spermatogenic duct; (f) foot bars = 100 pm in (a), (c), 
(d), and (e); 50 um in (b), and 200 um in (f). L lumen, c connective tissue, DT digestive tubule, IF 
inner fold, MF middle fold, OF outer fold 


(Fig. 4.32a, c) [95]. In Fig. 4.32b, d, crystal morphology and size of aragonite varied 
when adding different concentrations of AcPase I (2.5 and 5.0 ug/ml). 

The polymorphs of the above various calcium carbonate crystals were analyzed 
by Raman microscopy (Fig. 4.33). The needlelike crystals grown with 2.5 or 5.0 ug/ 
ml of AcPase I generated the characteristic Raman bands of aragonite at 206, 703, 
and 1085 cm’ (Fig. 4.33a, b), while the hexahedral crystals in all samples showed 
the characteristic Raman bands of calcite at 282, 712, and 1086 cm! 
(Fig. 4.33c) [96]. 
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Fig. 4.30 Controls for immunohistochemical localization of AcPase I in various tissues of 
P. fucata. (a) The stomach; (b) duct; (c) gills; (d) mantle; (e) spermatogenic duct; (f) foot 
bars = 100 pm in (a), (c), (d), and (e); 50 pm in (b) and 200 um in (f). L lumen, c connective 
tissue, ZF inner fold, MF middle fold, OF outer fold 


4.5 A Novel Carbonic Anhydrase 


4.5.1 A Novel Carbonic Anhydrase from the Mantle 
of the Pearl Oyster (Pinctada fucata) 


4.5.1.1 Purification of CA 
CA was purified from the mantle following homogenization, ammonium sulfate 


precipitation, and affinity chromatography on p-aminomethylbenzene sulfonamide— 
agarose. 
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Fig. 4.31 Inhibitory activity of AcPase I on calcium carbonate precipitation changes in the 
turbidity of the assayed solutions are shown. El, control; °, 2 ug/ml of AcPase I; 4, 5 ug/ml of L 
AcPase I; v, 10 ug/ml of AcPase I 


SDS-PAGE gels (Fig. 4.34, lane b) indicated that CA is a single band with a 
molecular mass of 38 kDa, which is similar to previously reported mammalian, 
reptilian, and fish CAs [97]. 

DNSA (a fluorescent probe) can bind to CA, and the fluorescence of the resulting 
CA-—DNSA complex can be used to visualize the specific CA band on polyacryl- 
amide gels. To identify CA activity associated with the purified protein, native 
PAGE (as described above) was performed using the sample from mantle, which 
shows a single band on SDS-PAGE. A green fluorescent band was visualized under 
UV illumination, as shown in Fig. 4.35 (lane a), which was similar to that in the 
positive control CA I in Fig. 4.35 (lane b), confirming that the purified protein had 
the carbonic anhydrase activity. The purified CA migrated faster than CA I shown in 
Fig. 4.35, although the two differ by 30 kDa in molecular weight. This result 
demonstrates that the isoelectric point (pI) of the purified CA is lower than that of 
CA I (pI = 6.8), which indicates that the CA from the mantle is an acid protein. 
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Fig. 4.32 SEM images of calcium carbonate crystals precipitated with a supersaturated calcium 
carbonate solution in vitro. (a) With 2.5 pg/ml of AcPase I. (b) Enlarged image of the boxed part in 
(a). (c) With 5.0 pg/ml of AcPase I. (d) Enlarged image of the boxed part in (c). (e) Without AcPase 
Į as a control, bars = 100 um in (a) and (c), 20 um in (b) and (e), and 10 um in (d) 


4.5.1.2 AZ Inhibition and DNSA Binding of CA 


AZ is a potent, reversible inhibitor of CA, which is used to distinguish CA from 
other esterases. With the gradual increase of AZ concentration, treatment of CA 
resulted in a progressive decrease of enzyme activity. After incubating with 0.5 uM 
AZ at 35 °C for 1 h, the initial activity of the enzyme lost by 50% (Fig. 4.36). 
Whereas, incubation of the enzyme with higher concentrations of AZ did not lead to 
further loss of activity, indicating that the enzyme was only partially inhibited by 
AZ. This result is in accordance with an earlier report about nacrein obtained from 
the prismatic layer [99]. 

DNSA is a fluorescent probe that specifically binds to the active site of CA. After 
binding to CA, the emission wavelength of DNSA shifts from 580 to 468 nm 
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Fig. 4.33 Raman spectra of crystals with various morphologies. (a) Raman spectrum of single 
needlelike aragonite crystal grown with 2.5 pg/ml of AcPase I, (b) Raman spectrum of single 
needlelike aragonite crystal grown with 5.0 pg/ml of AcPase I. (c) Raman spectrum of single 
hexahedral calcite crystal 


[100, 101]. After incubation of the purified CA with 50 uM DNSA for 10 min at 
room temperature, the wavelength at which the maximum intensity of blue is emitted 
becomes 454 nm. The relative quanta yield was 2.9 when excited at 326 nm 
(Fig. 4.37), while the emission of free DNSA at 454 nm was undetectable under 
the equal condition [98]. 


4.5.1.3 Distribution of CA in Mantle 


The mantle of the mollusk was known from studies by Freeman and Wilbur [102] to 
contain CA activity. In the present paper, we detected histochemically the distribu- 
tion of CA in the mantle of P. fucata, by the use of the fluorochrome DNSA. Strong 
CA-DNSA fluorescence was detected in cells along the outer edge of the mantle 
(Fig. 4.38) and weaker fluorescence in central zone. 
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Fig. 4.34 SDS-PAGE of 
purified carbonic anhydrase 
(CA). Electrophoresis of 
3.75-15% polyacrylamide 
gels was performed at 10 °C. 
Lane a, molecular mass 
standards; lane b, purified 
CA from mantle (38 kDa) 
[98] 


Fig. 4.35 Native PAGE of 
purified carbonic anhydrase 
(CA). Analysis of CA from 
mantle on polyacrylamide 
gels by fluorescence of 
carbonic anhydrase-DNSA 
complexes. Lane a, CA from 
mantle of pearl oyster; lane 
b, carbonic anhydrase I 
(CAI) from human 
erythrocytes 
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Fig. 4.36 Inhibition of CA 1.25 
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Fig. 4.37 Fluorescence spectra of carbonic anhydrase after binding to 5-dimethylamino-1-naph- 
thalene sulfonamide (DNSA). CA (1 uM) was incubated with DNSA (50 pM) for 10 min at room 
temperature. The fluorescence spectrum of 400-600 nm was recorded using a Hitachi F-2500 
spectrofluorimeter at an excitation wavelength at 326 nm. The emission maximum intensity 
wavelength of CA combined with DNSA was 454 nm, and the emission of free DNSA at 
454 nm was undetectable in the same conditions 


4.6 A Novel Putative Tyrosinase 


4.6.1 A Novel Putative Tyrosinase Involved in Periostracum 
Formation from the Pearl Oyster (Pinctada fucata) 


4.6.1.1 Isolation and Sequence Analysis of cDNA Sequence Encoding 
Oyster Tyrosinase 


Using total mantle RNA as the template, a 408 bp cDNA product was obtained by 
RT-PCR with two degenerate oligonucleotides (DP1l and DP2). Based on the 
sequence, two gene-specific primers were synthesized and used to amplify the 5’ 
and 3’ nucleotide sequences of putative oyster tyrosinase cDNA by touchdown PCR. 
In order to confirm the sequence obtained by RACE, two specific primers 
corresponding to 5’- and 3’-UTR sequence of putative tyrosinase mRNA were 
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Fig. 4.38 The fluorescence 
of CA—DNSA in the mantle 
of pearl oyster. 20 ul of 

50 uM DNSA was added to 
the mantle cryostat sections 
and incubated at 35 °C for 
30 min. As controls, 
sections containing no 
DNSA were incubated with 
phosphate buffer. 
Photographs were taken in a 
Leica Dialux microscope 
equipped with and a high- 
pressure Hg lamp as 
ultraviolet source; the 
samples were observed 
through a 460 nm barrier 
filter 





designed and subjected to RT-PCR. The PCR products were cloned and sequenced, 
which matched the sequence expected from the 5'-and 3’-RACE results. 

In Fig. 4.39, the complete cDNA sequence containing the poly(A) tail is 1487 bp. 
It contains a 28-base 5’-untranslated sequence, an1338 bp ORF, a TAA terminator, a 
106-base 3’-untranslated sequence, and a 15 nucleotides poly(A) tail. A putative 
polyadenylation signal (AATAAA) is recognized at position 1450, upstream of the 
poly(A) tail, separated by 17 nucleotides. This cDNA sequence has been submitted 
to GenBank under the accession number DQ112679 [103]. 

The cDNA-cloned ORF encodes a protein consisting of 445 amino acid residues, 
which has a high degree of similarity to the two putative copper-binding sites of 
cephalopod tyrosinases and was therefore considered to be capable of being used as 
tyrosinase. The first 22 amino acids of the deduced protein were predicted to be a 
signal peptide by the neural networks and hidden Markov models which was 
provided by CBS prediction servers. As the calculated molecular mass of the 
deduced protein is approximately 47 kDa without the signal peptide, it was named 
OT47. In previous studies, the phenoloxidases was found to be secreted as inactive 
precursors and then activated by cleavage of proteinase [43, 46, 47]. Due to a 
number of putative proteinase and cleavage sites, the mature form of OT47 could 
only be detected by purifying from the mantle and periostracum of P. fucata. The 
amino acid composition of OT47 demonstrated high proportion of Arg (9.69% 
mol/mol) and Gly (9.46% mol/mol). The former residue led to the basic property 
of OT47 with calculated pI of 9.4. The latter residues are even more abundant in 
periostracum (it may reach about 50% in some species [104]) than in OT47. It could 
also be noticed that there are 18 tyrosine residues (and 11 lysine residues) in OT47, 
tending to be oxidized to quinines and immobilized OT47 itself in the periostracum, 
which is related to the previous findings on the tyrosinase from the periostracum of 
Modiolus demissus. 
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FSP1 i 

ATATANCAANGATCACAAACAAAGC 

ATGAAGATGAATCTCTCCAATAGAGAGGTTGTGATATTCCTATTGTTGGCAGCGTGCACGTCAGCAGCGCTATTAGGAGACAAATACAAT 
MK MNLSNREVVIFLLLAACTSAALLGODKYN 
GTACCACCGGAATGTATGGAGGAAGTAATTTTTGATTACGACTCACCAAAAGACAACAGTACATTAAACAAAGACTGTGTCAAATTTGTA 
VPPECMEEVIFDYDSPKDNSTLNKODCYKFVY 
TCAGATTCATATAGGAAACTACAACAGTTAATAAATGGTACTGATGACGACATTAACTATATCAGGTCTCTGACCAGGGAAGGCATGGCT 
SDSYRKLQQLINGTDDDINYIRSLTREGWA 
TTGCTGTATOCGGGATCOGGACGGGAAAAACGOCAAGCOGCTCTGAGAGCCAGAAGAGAATGTAGATCTCTAACTAGTGAAGAATGGAGA 
LLYPGSGREKRQ@AALRARRECRSLTSEEWPWR 
AGATTAGCCAATGCCATCAGGAGGCTTAAATTTGATOCAGGCAATCGCTTTGACACAATGGCTOGAATCCACGCCATGCCAGCAGTGATA 
RLANATITRRLKFDPGNRFDTWMARI@AMPAYI 

DP1 

GCCAACGOGCATGACGGGTCCAGTATCTTAGGGTGGCATCGGGTATTCCTTTACTTATTTGAGAATGCCTTAAGGAGAAAGGTTCCAGGA 
ANA@MDGSSILGWWMRVFLYLFENALRRKVPG 
GTAGTTCTATGTTATTGGGACTCCACCATTGATTACCTTATACCAGGTCCAGGACAAGOGCAGAGTTCGTCATTTTCACATAATATGTTC 
VVLCYWDSTIDYLIPGPGQAQSSSFSHNWUWE 


j SRP 
GGGAATTCTCGCGGGTTAGTCCGCACAGGTCCTTTTGCTAATTTCCCCACCCCATGGGGTOCTTTACGTCGTAACTTCGGCGGAGAAGGT 
GNSRGELEYV¥RTGPFAN F PTPEG PER RON F GG EG 


3RP 
GGCTCTCTCATGCGACCACACGTIGTAGATATGATTGCGTCAGATCCTAGAATAAGAAGCCATGGACAGATAGTGGA TGGUCAAGCOGOC 
¢SLMRPHVVDWILASDPRIRSHGQIVODGRQGA 
DP2 
ACTGGATTTATAGATTCCATGACAGGCCAGAGGACAAGCCTGGAGGCTGAACACAACAATGCTCACG TAGCTGTGGGAGCCCTGATGGCG 
TGFIDSMTGQRTSLEAE@MNNAWMVAVGALMA 
GTCATACCTAACGCGGCTTGGGATCCACTTTTCTATTTCCATCATTGTTACATAGATTATGTTTGGCAGCTTTTCCGTAGAAAACTAAGA 
VI PNAAWDPLFYFH@cYIDYVWFWQLFRRELR 
AACAGATTAGGAATAGATCCTGCTCGAGATTATCTAGGTCATGGTGGTCCCGCCCATGCGCCCAATGCTCCGCTGCTAGGGCTGATTCCC 
NRLGiIODPARODYLGHuHYUOeGPAHA PN A PLBE GLI P 
GCGATGGAGAAATGTACATGGATACTCAAATGTCTTCACACAGCGAGTTTATAGGTATCATTTCCACCCAGTGTGTGGGAATGGATGTICT 
GU©RNVHGYSNVFTQRVYRYHFHPVCGN6E-CS 
GGATCCACACGGCGTCTGCTGTACTGTCCTGGGGGCCOGATCCCGGTATAGAAGGTGTGTGTCTAATACCATGCCTGGAAGGGCACAGCCA 
GS T KR KFELL YC PGoéGgés RR ¥ REC Y¥YS§S& NK TWPGRA QP 


CCAGCACTTAGTATAGCTGGTAGATCTGCTGAAGAGAAGTTCAAGACTGTGTATGACGATCOGGATATAGCCAGI[[AATAATGATCGTTG 
PALS I AGRSAEEKFKTVYODODPODIAS *® 


——__FSP2 
CACTATACTTTTTTITCACTTTGICTGTTATITTGICGTTTAATCTGTITIGIGTTATGTATCATTGGCAAAATAAAGTACAATGGTTAA 
AACGAAAAAAAAAAAAAAA 


Fig. 4.39 The cDNA sequence and deduced amino acid sequence of the tyrosinase OT47of 
P. fucata. Brackets enclose the putative signal peptide. The start codon, the stop codon, and the 
putative polyadenylation signal (AATAAA) are boxed. The putative copper ligands are circled. 
Arrows indicate positions of primers used for cloning. The asterisk (+ ) in the amino acid sequence 
also indicated the terminate codon 


4.6.1.2 Structural Similarity of OT47 to Other Tyrosinase 


and Hemocyanins 


Tyrosinases belong to the type 3 copper protein superfamily, and arthropod 
phenoloxidases and hemocyanins are also the superfamily members. This protein 
superfamily has been isolated from many organisms, and their evolutionary relation- 
ships have also been elucidated on the basis of the amino acid sequences that are 
conserved around two copper-binding sites that form an oxygen-binding active 
center [105, 106]. Figure 4.40 showed the comparison of these two conserved 
copper-binding sites of OT47 with hemocyanins, tyrosinases, and phenoloxidases 
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Fig. 4.40 Comparison of the amino acid sequences at the two putative copper-binding sites, Cu 
(A) and Cu(B), in OT47 and other type 3 copper proteins. Numbers demonstrate positions of the 
amino acid residues in each sequence. Gaps (—) have been introduced to optimize the alignment. 
The putative copper ligands of histidine residues that are conserved in all proteins are marked with 
asterisks (+), those conserved in molluskan proteins and tyrosinases with O, and those conserved in 
arthropod proteins with O. The same residues are shaded. PIT, P. fucata tyrosinase OT47; SoT, 
Sepia officinalis tyrosinase (EMBL, AJ297474); HtH, Haliotis tuberculata hemocyanin (EMBL, 
AJ252741); IaT, Illex argentinus tyrosinase precursor 1 (DDBJ, AB107880); HtH2, H. tuberculata 
hemocyanin type 2 protein (EMBL, AJ012048); BmT, Bombyx mori phenoloxidase subunit 
] precursor (SWISS-PROT, Q27451); OdH, Octopus dofleini hemocyanin G-type (GenBank, 
AF338426); SoH, S. officinalis hemocyanin units H (SWISS-PROT, P56826); GgT, Gallus gallus 
tyrosinase (GenBank, S81675); AoT, Aspergillus oryzae tyrosinase (DDBJ, D37929); HsT, Homo 
sapiens tyrosinase precursor (SWISS-PROT, P14679); SaT, Streptomyces avermitilis tyrosinase 
(DDBJ, AB070938); PhP, Pimpla hypochondriaca phenoloxidase I (EMBL, AJ297596); MmT, 
Mus musculus tyrosinase (SWISS-PROT, P11344); LpH, Limulus polyphemus hemocyanin lI 
(SWISS-PROT, P04253); PiH, Panulirus interruptus hemocyanin subunit a (SWISS-PROT, 
P04254) 
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from other organisms. The two copper-binding sites of OT47 were similar to the 
cephalopod tyrosinase and the tyrosinases from vertebrates, microorganisms, and 
molluskan hemocyanins and less similar to those of phenoloxidases and hemocya- 
nins from arthropods. Assume that six histidine residues within these sites of OT47 
were copper-binding ligands that could be arranged in similar positions to molluskan 
tyrosinases and hemocyanins. Only the second copper ligand in the Cu(A) site of the 
phenoloxidases and hemocyanins from arthropods is different from other tyrosinase 
and molluskan hemocyanins. And several amino acid residues around the six copper 
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ligands are also conserved in molluskan tyrosinases and hemocyanins but differ from 
arthropod phenoloxidases and hemocyanins. These observations confirm previous 
hypothesis that molluskan hemocyanins and tyrosinases genetically separated from 
their common ancestor and are separated from the evolutional line of hemocyanins 
and phenoloxidases in arthropods [107, 108]. While there also exist some differ- 
ences in the amino acid sequences around the copper ligands between the hemocy- 
anins and tyrosinases of molluscan, it is worth noting that in molluskan 
hemocyanins, a ligand in the Cu(A) site is involved in the formation of cysteine— 
histidine thioether bridge [109]. This unusual linkage in the copper-binding site has 
also been observed in ascomycete tyrosinases, which indicate that molluskan hemo- 
cyanin might evolve from ancient tyrosinase [110, 111], whereas no cysteine residue 
was detected in OT47 and other molluskan tyrosinase, despite the presence of two 
cysteine residues in the copper-binding regions of OT47. These phenomena indi- 
cated that the divergence of molluskan hemocyanins and tyrosinases was earlier than 
that of tyrosinases from bivalve and cephalopod, in accordance with the hypothesis 
that the divergence of molluskan hemocyanins and tyrosinases occurred at an 
extremely early evolutional stage of life when aerobic metabolism was established 
and metazoans emerged [107, 108]. 

Then, a phylogenetic tree was calculated based on the alignment of the copper- 
binding regions by ClustalX program with the NJ algorithm (Fig. 4.41). In addition 
to the above points, the phylogenetic tree also showed that there were great 
evolutional distances between the bivalves and cephalopod tyrosinases. Besides, 
the similarities between OT47 and cephalopod tyrosinases were also very low, for 
the whole entire amino acid sequence. Only 16.4% amino acid of OT47 showed an 
identity with the tyrosinase of Illex argentinus and 15.6% with that of Sepia 
officinalis. It is unclear whether this phenomenon is only due to the early differen- 
tiation of bivalves and cephalopods or these mollusk tyrosinases belong to different 
functional subtypes, which may diverge earlier than the divergence of bivalves and 
cephalopods. More structural information on tyrosinase in bivalves and other mol- 
lusks is required to further elucidate the phylogenetic relationships among type 
3 copper proteins of mollusks [103]. 


4.6.1.3 Gene Expression Analyses of Oyster Tyrosinase OT47 


Tyrosinases are thought to be involved in various biological activities of mollusks, 
which include native immune response [46, 56] and the formation of egg capsules 
[51], byssus [48, 49], shell matrix proteins [104, 112], and periostracum. In order to 
study the functions of oyster tyrosinase OT47 in vivo, tissue-specific expressions of 
OT47 mRNA in various tissues were detected by RT-PCR using specific primers. 
Samples of total RNA were prepared from the mantle pallial, mantle edge, foot, gill, 
digestive gland, gonad, adductor muscle tissues, and hemocytes of P. fucata. The 
results demonstrated that OT47 transcript is expressed specifically in the mantle 
edge but not in any other tissues, which contributes to the formation of the 
periostracum and prismatic shell layer (Fig. 4.42). The expressions of MSI31 
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Fig. 4.41 Copper-binding regions of phylogenetic tree. The tree was deduced by an analysis of 
adjacent linkages based on the amino acid sequence alignment of copper-binding regions ranging 
from the N-terminal of Cu(A) site to the C-terminal of Cu(B) site shown in Fig .4.40, which was 
performed by the ClustalW program. Gaps were treated as missing data. Bootstrap values (1000 
replicates) are displayed at the nodes. For abbreviated protein names, see Fig. 4.40 
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Fig. 4.42 Analysis of tyrosinase OT47 and some shell matrix protein gene expressions in P. fucata 
by RT-PCR. Lane 1, the mantle edge; lane 2, the mantle pallial; lane 3, the foot; lane 4, gill; lane 
5, gonad; lane 6, digestive glade; lane 7, adductor muscle; lane 8, hemocytes; and lane 9, negative 
control. The housekeeping gene f-actin was regarded as a positive control 


[113], MSI60 [113], and MSI7 [114] were also analyzed to compare with OT47. As 
expected, mRNA for MSJ31, the Gly-rich framework protein of the prismatic layer, 
was expressed only in the mantle edge, whereas mRNA of MSI60 was expressed 
only in the mantle pallial; the MSI60 was a nacreous layer framework protein, and 
the MSI7 mRNA was expressed in both the edge and the pallial of the mantle tissue. 
Experiments were repeated twice, and the results were similar. It seemed that oyster 
tyrosinase OT47 only involves in the formation of periostracum and/or the prismatic 
shell layer matrix. 


4.6 A Novel Putative Tyrosinase 493 


In order to determine the more precise expression site of OT47 mRNA at the 
margin of the mantle edge in P. fucata, in situ hybridization was carried out with 
frozen sections of the mantle (Fig. 4.43a). Strong hybridization signals for OT47 
mRNA were found in the outer epithelial cells of the middle fold near the 
periostracal groove base, but no hybridization signal was found in the outer fold. 
This result suggested that OT47 might be involved in the formation of periostracum, 
but unlike previous histological studies in Mercenaria mercenaria, it was shown that 
the tyrosinase is present in the inner epithelial cells of the outer fold. To further 
confirm the in situ hybridization result, the tyrosinase activity was also detected in 
situ by incubating a portion of the tyrosinase substrate L-DOPA. The cells in the 
equal position produced positive signals, which also indicate that the tyrosinase is 
present in the outer epithelial cells of the middle fold. Similar results were obtained 
for experiments carried out in three batches of individuals of different seasons 
(in June, September, and December). Thus, the secretion of periostracum in 
P. fucata seemed to be different from that in M. mercenaria. 

The previous cell biology model in bivalves of periostracum secretion 
suggested that the initial membrane of periostracum (usually called pellicle) is 
produced by the basal cell at the bottom of the periostracal groove; two various 
types of cells in the inner epidermis of the outer fold, secreting either the tyrosi- 
nases or the diphenols, can cause periostracum thickening, and the outer epithelial 
cells of the middle fold could function to lubricate and put the pellicle in place. In 
addition to the histological studies in M. mercenaria, this model was also 
supported by the observation that periostracum thickens at the surface facing the 
outer fold and that the outer epithelial cells of the middle fold are all lacking the 
secretion organelles [115, 116]. And it was believed that periostracum of P. fucata 
might also secrete by this means, whereas some later studies demonstrated that the 
outer epithelial cells of the middle fold also contained some member-bound 
vesicles [117] and in some species the periostracum within the periostracal groove 
is coated on both sides, suggesting that the outer epithelial cells of the middle fold 
also have the secretion capability. In addition, the studies of shell matrix proteins 
of P. fucata demonstrated that the insoluble matrix protein prismalin-14 purified 
from the prismatic layer is specifically expressed only in the inner epithelial cells of 
the outer fold [118] and three soluble matrix proteins involved in the prismatic 
layer formation, MSI31, MSI7, and nacrein, are expressed in the outer and the 
inner epithelial cells of the outer fold [113, 114, 119]. These results suggested that 
the inner epithelial cells in the outer fold of P. fucata participate in the formation of 
prismatic layer. Therefore, it is difficult to imagine that cells could involve in the 
secretion of periostracum at the same position, that is, another layer out of the 
prismatic layer simultaneously. Our results of the in situ hybridization and tyros- 
inase activity staining showed that the tyrosinase OT47 is derived from the outer 
epithelial cells of the middle fold, which would explain this paradox and might 
complement the model of periostracum secretion. 


494 4 The Study on Enzymes Related to Biomineralization of Pinctada fucata 


OF i OT, CA 





ak Te 
1 we 


Fig. 4.43 The OT47 mRNA in the mantle of P. fucata detected by in situ hybridization (a) and 
tyrosinase activity staining (b). Hybridization signals in (a) and tyrosinase activity signals in (b) are 
revealed by arrow. The inset of (a) indicates a control section stained with a sense probe. PG 
periostracal groove, OF outer fold, MF middle fold, ZF inner fold. Scale bar, 0.5 mm 


In summary, OT47 is a novel putative tyrosinase cloned from P. fucata that is 
specifically expressed in the outer epithelial cells of the middle fold and thus 
appeared to participate in the periostracum formation. Further structural and func- 
tional studies might help to understand periostracum formation and quinone-tanned 
process in mollusk at the molecular levels. 
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4.7 A Novel Astacin-Like Metalloproteinase 


4.7.1 Pf-ALMP, a Novel Astacin-Like Metalloproteinase 
with Cysteine Arrays, Is Abundant in Hemocytes 
of Pearl Oyster Pinctada fucata 


4.7.1.1 Isolation and Sequence Analysis of cDNA Sequence Encoding 
Oyster Astacin—Like Metalloproteinase 


A cDNA fragment of the putative pf-ALMP gene which consists 3189 nucleotides 
(nt) was cloned from pearl oyster hemocytes mRNA using a primer-directed, RT- 
PCR-based strategy and sequencing, and the GenBank accession number was 
AY818356. This fragment contained a 2040 nt open reading frame encoding a 
predicted protein that contains 679 amino acids with a molecular weight of 
78 kDa (Fig. 4.44a). Besides, 28 nt of the 5’-end untranslated region (UTR) and 
1121 nt of the 3’-end UTR were also found. In Fig. 4.44b, a conceptual translation of 
the open reading frame reveals that this novel putative pf-ALMP gene encodes [1] a 
hydrophobic segment of the signal peptide; [2] RTKR, basic amino acid residues 
which were found in the different members of astacins, suggesting furin or a trypsin- 
like protease serve as potential proprotease activators; [3] a conserved ZnMc cata- 
lytic domain; and [4] five cysteine array repeats [120]. 


4.7.1.2 Distribution and Expression of Pfi—ALMP in Various Tissues 


In order to study the function of oyster pf-ALMP in vivo, semiquantitative PCR was 
used to detect the tissue-specific expression of oyster pf-ALMP mRNA among 
different tissues RT-PCR performed with specific primers, and the total RNA of 
different tissues as template yielded a 454 bp product, whereas the negative control 
showed no product (data not shown). The PCR product was subcloned into pGEM-T 
easy vector and verified by sequencing. RT-PCR reactions were carried out with 
RNA samples from the mantle, gill, digestive gland, muscle, and hemocytes. In 
Fig. 3.43, Pf-ALMP mRNA was expressed in all tissues tested. However, although 
the 18S rRNA levels were the same in all samples, the expression level of Pf-ALMP 
mRNA was the highest in the hemocytes. Data from three independent experiments 
were similar (Fig. 4.45). 

We also explored the expression pattern of pf-ALMP transcript in hemocytes of 
challenged and unchallenged oysters by RT-PCR as described above. Total RNAs 
were extracted from hemocytes in different conditions (O, 6, 12, 24, and 48 h) 
respectively. The B-actin was used as a control of equal quantities of total RNA 
used in RT-PCR. Within 6 h, 1 pg LPS challenge significant effect on the expression 
level of pf-ALMP mRNA in hemocytes. The maximal expression was about three 
times higher than the value detected in the control, and the effect lasted more than 
48 h (Fig. 4.46). Three independent experiments were conducted with similar results. 
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Fig. 4.44 Primary structure of pearl oyster Pf-ALMP. A: Nucleotide and amino acid sequences of 
Pf-ALMP. The number on the right is the nucleotide and amino acid sequence. The N-terminal 
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Fig. 4.45 Expression of Pf-ALMP mRNA in tissues of the pearl oyster. RT-PCR was carried out 
with RNA samples from the adult tissues of Pinctada fucata. The 18 S rRNA was used as a control 
of the same quantities of total RNA used in RT-PCR. Lane 1, the gill; lane 2, gonad; lane 3, digestive 
gland; lane 4, mantle; lane 5, muscle; lane 6, hemocyte 





Fig. 4.46 Pf-ALMP mRNAs expression from oyster hemocytes. RT-PCR was carried out with 
RNA samples from unchallenged oysters or LPS-challenged oysters for several times. The expres- 
sion of oyster B-actin was as a control of equal quantities of total RNA used in RT-PCR. Lane 
1, unchallenged; lane 2, challenged for 6 h; lane 3, 12 h; lane 4, 24 h; lane 5, 48 h 


In bivalve mollusks, the hemocytes are responsible for many physiopathologic 
events, such as digestion, inflammation, nutrient transport, respiratory burst, internal 
defenses, phagocytosis, and encapsulation of foreign bodies [121, 122]. The putative 
pf-ALMP mRNA expressed abundantly in hemocytes, and the level of expression 
affected by LPS challenge significantly showed that the pf-ALMP participated in 
defense mechanisms. 

Pf-ALMP distribution was studied by in situ hybridization among three different 
tissues which includes the gill, gonad, and digestive gland. The pf-ALMP mRNA 
hybridization signals were dark purple. In Fig 4.47a-—c, strong positive signals were 
found in the gonad and epithelial cells of the gill and digestion gland. 

Astacins have been regarded as having roles in mature and development 
systems. Many of them contribute to bone/cartilage formation, pattern formation, 
egg hatching, and early embryo development [60—62, 66]. They are expressed in a 
tissue-specific manner in mature organisms and are temporally and spatially 
expressed in developmental systems. High levels of expression in the gonad of 
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Fig. 4.44 (continued) hydrophobic segment is presented in bold. The putative furin recognition 
motif RTKR is boxed. The catalytic domain is underlined. The zinc-binding site is shaped, followed 
by a Met-turn (shaped). The four cysteine residues, known to form intradomain sulfhydryl bridges 
in astacin, are boxed and bolded. The five cysteine array repeats are italicized and underlined. B, 
motifs and domain structure of Pf-ALMP. H, hydrophobic segment; RRKR, the potential furin 
processing signal; CAT, catalytic domain; C, cysteine array 
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Fig. 4.47 In situ hybridization of Pf-ALMP mRNA in three different tissues of P. fucata. In these 
tissues, hybridization signals (dark purple) were observed in epithelial cells of the gill (a), gonad 
(b), and digestive gland (c) 


pf-ALMP indicated that the pf-ALMP might be involved in hatching and/or 
embryo development, which remains to be confirmed. 


4.7.1.3 Expression and Characterization of Pf-ALMP Active Proteinase 


To study the proteolytic activity of pf-ALMP, the pf-ALMP catalytic domain was 
expressed as a His-tag fusion protein at carboxyl terminus in EF. coli and purified 
using Ni-NTA affinity columns. Purified protein as judged by SDS-PAGE shows 
expected molecular weight and confirmed by Western blotting (Fig. 4.48a, b). The 
purified fusion protein was tested for its proteinase activity of gelatin. High proteo- 
lytic activity was observed with gelatin (Fig. 4.48c), whereas substrate SDS-PAGE 
performed with the same technique and substrate showed that serum samples had no 
bands of activity (data not shown). 

Studies of Mannello et al. [123] and Ziegler et al. [124] have revealed that 
proteinases with MMP-like activity are highly expressed in hemocytes of 
C. virginica and M. galloprovincialis. Cg-TIMP, which was an inducible tissue 
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Fig. 4.48 Expression and characterization of active Pf-ALMP catalytic domain. (a) Expression and 
purification of recombinant Pf-ALMP catalytic domain. Lane 1, proteins of BL21 (DE3); lane 
2, pET-28b/Pf-ALMP-CAT proteins induced by 0.5 mM IPTG for 3 h; lane 3, recombinant 
Pf-ALMP catalytic domain purified by Ni-NTA affinity column. (b) Western blot analysis of the 
expression of Pf-ALMP catalytic domain. Lane 1, proteins of BL21 (DE3); lane 2, purified 
recombinant Pf-ALMP catalytic domain. (c) Proteolytic activity of the recombinant Pf-ALMP 
catalytic domain is visualized by digestion of immobilized gelatin (0.1%) in a 10% SDS-PAGE 
gel, stained with Coomassie Brilliant Blue 


inhibitor of metalloproteinase from the Pacific oyster C. virginica, was expressed 
only in hemocytes of mature and accumulated during shell damage and bacterial 
attack [125]. Based on these results, we propose that these proteases with MMP-like 
activity, including pf-ALMP, may be involved in the extracellular matrix deposition, 
which was a main function in shell repair and development. 


4.7.1.4 Pf-ALMP-Enhanced NIH3T3 Cell Proliferation 


Recent observations provide compelling evidence that MMP substrates include 
many non-ECM molecules ranging from binding proteins and growth factor precur- 
sor to cell surface adhesion receptors. TGF-o and IGFs, which are the two classes of 
growth factor precursors that promote cell proliferation, are released and activated by 
MMPs [126, 127]. To investigate the potential pf-ALMP function in cell prolifera- 
tion, the plasmid of pcDNA3.1/pf-ALMP was transfected into NIH3T3 cell line. The 
transient expression of pf-ALMP significantly increased the proliferation of NIH3T3 
cell (0.81831 + 0.05499 vs 0.49794 + 0.04554, n = 16, p < 0.01) (Fig. 4.49). In 
contrast, pcDNA3.1/Pf-ALMPACA, expressing a CAs-negative form of the 
pf-ALMP, inhibited the proliferation of NIH3T3 cell at 48 h post-transfection 
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Fig. 4.49 The effect of Pf-ALMP and the CAs-negative form on NIH3T3 cell proliferation. After 
transfection with control pcDNA3.1 or plasmid-encoding wild type or the deletion mutant of 
Pf-ALMP for 48 h, the cell viability was detected using MTT assay. The data represent means ++ 
S.D. of 16 experiments with all of the reactions carried out in duplicate. *p < 0.01, compared with 
the control and the deletion mutant 


(0.57325 + 0.01934 vs 0.81831 + 0.05499, n = 16, p < 0.01). Though the 
mechanism was unclear, these results demonstrated that the cysteine arrays were 
necessary for pf-ALMP to promote cell proliferation and opened up a new way to 
study the function of astacins. 

In summary, we have cloned and characterized pf-ALMP which was the first 
member of the astacin family identified in P. fucata. The enzyme shows similar 
protease activities as its counterparts, although it has a different C-terminal domain 
organization. Expression analysis reveals interesting effects of oyster immunity and 
development process, which require detailed investigation. This study also provides 
in-depth understanding of the new physiological functions of astacins. Besides, this 
molecular study might stimulate searches for the corresponding biomineralization 
processes and morphological structures in P. fucata [120]. 

This work was modified from the papers published by our group in Mar 
Biotechnol (Xie et al., 2007; 9: 613-623), (Jing et al., 2007; 9: 650-659), in Biochem 
Biophys Res Commun (Zhang et al., 2006; 342: 632-639), in Comp Biochem Physiol 
B Biochem Mol Biol (Yu et al., 2006; 143: 190-194), (Jing et al., 2006; 143: 
229-235), in Biochim Biophys Acta (Xiong et al., 2006; 1759: 526-534), in Int J 
Biochem Cell Biol (Chen et al., 2005; 37: 1446-1457), in Journal of Molecular 
Catalysis B-Enzymatic (Xiao et al., 2002; 17: 65-74), and in Tsinghua Science and 
Technology (Chen et al., 2003; 8: 476-480), (Chen et al., 2005; 10: 414-420). The 
related contents are reused with permission. 
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Chapter 5 A 
Cellular Regulation of Biomineralization get 
in Pinctada fucata 


Abstract Because it is widely recognized that the mantle tissue controls nacre 
precipitation, intensive studies have been conducted to unravel the regulatory mech- 
anism underlying nacre formation. In this chapter, we will focus on the cellular 
regulation of shell formation in the pearl oyster Pinctada fucata. First, the morphol- 
ogy and proliferation rate in different parts of the mantle tissue have been investi- 
gated, and a proliferation hot spot located in the center of the thinnest mantle region 
was found. However, mantle tissues mainly composed of the mantle edge were used 
for primary cell culture, due to their high yield of migrated mantle cells. The primary 
mantle cell culture is used to study how the mantle cells regulate calcium carbonate 
precipitation. It was found that the physiological functions of the mantle cells were 
maintained in vitro. High expression of many shell matrix proteins, including 
ACCBP, Pif80, and nacrein, and high activities of carbonic anhydrase and alkaline 
phosphatase were detected. Numerous crystals were found inside the cultured cells 
by polar light microscopy and scanning electron microscopy, and FTIR and XRD 
analysis demonstrated that these particles were amorphous calcium carbonate 
(ACC). What’s more, the cultured mantle cells promoted and regulated calcium 
carbonate precipitation in the culture dishes. These results showed that mantle cells 
may directly participate in shell formation. In addition, we have studied the function 
of hemocytes in shell formation. Hemocytes were identified from P. fucata and 
found to be present in the extrapallial space (EPS). Many components involved in 
immunity and calcification were identified by proteomics analysis. Poststimulation 
of lipopolysaccharide and shell damage, most of the tested immune genes and 
calcification, was upregulated. Moreover, polar light microscopy, scanning electron 
microscopy, and energy spectrum showed that some hemocytes carried crystals of 
calcium carbonate, indicating they participated in both immunity and biominerali- 
zation. Our studies elucidated the vital roles of mantle cells and hemocytes in 
regulating shell growth and nacre formation, which would shed light on the improve- 
ment of the cultured pearl quality. 
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5.1 Introduction 


According to the classical theory, mantle tissue dominates shell formation process in 
P. fucata. It secretes organic matrix into the extrapallial space (EPS) and controls the 
10n composition in the EPS for shell growth [1]. Histological and cytological studies 
have revealed that the mantle tissue controls the secretion of organic matrix with 
remarkable precision and regularity [2, 3]. Many shell matrix protein genes are 
specifically expressed in the outer mantle epithelium facing the shell [4]. Generally, 
the pallial zone of the outer mantle epithelium secretes matrix proteins that are 
involved in nacreous layers formation, and the edge of the outer mantle epithelium 
is always responsible for the formation of prismatic layers [4, 5]. In the contrary, the 
central part of mantle expresses low amounts of matrix proteins [4] and has a high 
capability to proliferate. However, the mechanism underlying the cellular control of 
the outer epithelium on shell formation (i.e., the secretion of matrix proteins) is not 
well understood. As suggested by the progress made by using in vitro models of 
bone and coral mineralization, long-term primary cell cultures are innovative tools to 
explore mineralization at the cellular level [6-8]. Accordingly, the nature of mantle 
cells involved in the regulation of biomineralization and the mechanisms of their 
cooperation can be investigated, so that insight into shell formation may be obtained 
from mantle cell cultures [9]. 

However, one obstacle hindering the in vitro investigation of cellular regulation 
in biomineralization is the lack of established cell line for marine invertebrates, and 
it’s difficult to subculture primary dissociated single cells [10, 11]. Nevertheless, 
some progresses in in vitro study of biomineralization have been made in certain 
species by using primary mantle cell culture [12] and mantle explant culture [13-— 
15]. Explant cultures have been proved to facilitate long-term cell survival. These 
studies focused on long-term observation and measurement of the natures of mixed 
cell populations from the mantle explants. Yet the features of various cell types 
in vitro and their cellular metabolism in mineralization are not well studied. To 
further explore the cellular mechanisms of biomineralization, it needs successful 
cultures of single cell type rather than of a mixed cell population. 

Deposition of CaCO3 crystals has been reported in mantle tissue cultures from 
Pinctada fucata [16], suggesting that in vitro cultured cells maintain their abilities 
with regard to biomineralization. Moreover, EDS analysis confirmed the CaCO, 
nature of the deposits and their biogenic origin, and the expression and secretion of 
some SMPs have been detected in mantle explant cultures [9]. However, the 
polymorph of calcium carbonate deposits in mantle tissue culture and the cellular 
regulation of crystal formation remain unknown. Considering the remarkable nacre 
structure and the central role of the mantle cells in shell formation, the application of 
cellular biological tools is critical for further in-depth investigation of shell forma- 
tion mechanism. 

In addition to the classical mantle-dominating shell formation theory, the 
hemocytes-mediating mineralization pathway emerged. Mount et al. [17] found 
that in eastern oysters, some granulocytes of the hemocytes carried and transported 
calcium to the mineralization front in crystal form. And these CaCO; crystals were 
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reconstructed to form the shell layers. Similarly, in Pinctada fucata, hemocytes were 
proposed to be involved in calcium transportation, and some cellular proteins 
identified by proteomic analysis were related to calcification [18]. Crystal-bearing 
hemocytes were reported in several bivalves, though the composition of the crystals 
varied. The role of hemocytes serving as an additional calcium pool is plausible. 
However, whether or not could hemocytes mediate shell formation independently 
remains unclear. And the mechanism underlying the precipitation of intracellular 
CaCO3 in hemocytes is far from understood. 

In this part, we will summarize our works on developing long-term primary cell 
culture of mantle tissue and its application in exploring the cellular regulation of 
shell formation in P. fucata. The role of hemocytes in shell formation will also be 
discussed. 


5.2 Materials and Methods 


5.2.1 Chemicals 


Ethylene diamine tetra acetic acid (EDTA), glutaraldehyde, and paraformaldehyde 
(PFA, electron microscope grade) were Sigma products. Adenosine triphosphate 
(ATP), BrdU, Percol, HEPES, and BSA were supplied by Pharmacia. Other 
chemicals, such as alcohol, methanol, H203, NaCl, MgCl, CaCl», SrCl,, NaOH, 
HCl, Na,CO3, and NazSO, were local products of analytical grade. 


5.2.2 Primers 


Refer to Supplementary Table 5.1 for details. 


5.2.3 Histochemistry of Mantle Tissue 


Alcian blue/PAS cytochemistry method was applied to stain the mantle tissue 
paraffin sections and study the different secretory activities of four regions in the 
outer mantle epithelium. The mantle tissues were dissected and fixed in Carnoy’s 
solution. After embedded in paraffin, the fixed mantles were subjected to routine 
paraffin sectioning. Alcian blue/PAS staining was performed to detect the secretory 
activities. Different outer epithelia could be identified by the colors: red color 
indicated neutral mucopolysaccharide secreting outer epithelia; blue color indicated 
acid mucopolysaccharide secreting outer epithelia. Those cell groups including both 
neutral and acid mucopolysaccharide secreting outer epithelia would be amethyst-stained. 
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5.2.4 TEM and SEM Observation of Mantle Tissue 


Small mantle fragments of four different regions were immersed in 0.1 M phosphate 
buffer saline (PBS, pH 7.4) at 20 °C for 12 h, containing 1.5% glutaraldehyde and 
3.4% paraformaldehyde. After thorough washing with 0.1 M PBS, the mantle pieces 
were subjected to a graded series dehydration of alcohol. These tissues were 
embedded with Epon812 at 60 °C for 48 h and cut using Leica Ultracut microtome. 
Then the 65 nm ultrathin sections were counter-stained with lead citrate and uranyl 
acetate. Finally, the samples were observed using transmission electron microscope 
(Philips CM120 Biotwin) at 100 kV. 

To characterize the mantle surface, Pinctada fucata was sacrificed using sterilized 
surgical blade, and the mantle margin and center were immediately taken and fixed 
in the mixture of 1% glutaraldehyde and 4% paraformaldehyde for 24 h at 4 °C. 
Then dehydration was performed in a graded ethanol series (10%, 25%, 50%, 75%, 
90%, and 100%), and CO2 was used as intermediate to dry the samples in a critical 
point dryer (CPD 030, Leica, Microsystems, Buffalo Grove, IL, USA). The dried 
samples were coated with gold for 60 s in a sputter coater (SCD 050, Bal-Tec AG, 
Balzers, Liechtenstein), and observed with SEM (Quanta 200, FEI company, Eind- 
hoven, Netherland) with an accelerating voltage of 15 kV. Mantle samples from 
30 individuals were observed in SEM. 


5.2.5 BrdU Labeling of Mantle Epithelia 


The pearl oyster P. fucata with an average shell length of 55-60 mm were kept in 
artificial sea water as described above. In this experiment, the seawater was carefully 
sterilized using UV light and filtered with a 0.22 um membrane. The seawater was 
not changed throughout the experiment. Then BrdU exposure was conducted for 
12 h. We used the concentration of BrdU according to Zaldibar et al. [19] Initially, a 
pulse in 4 mg BrdU/L seawater was performed, and then additional 2 mg BrdU/L 
seawater was added every 4 h so that the continuous effectivity of BrdU was 
maintained but not reaching cytotoxic levels. Slices of the four mantle zones were 
cut off separately and fixed in 4% PFA at 4 °C for 8 h and then dehydrated in 22.5% 
sucrose solution for 10 h. Frozen sections (8 pm thick) were cut in a Leica cryo- 
ultramicrotome. The sections were placed on polylysine-coated slides. Later, the 
sections were washed with PBS. 

In order to eliminate endogenous peroxidase activity, the sections were immersed 
in a 30% H,O>-methanol solution (1:50) bath at room temperature for 30 min and 
then rinsed in PBS. DNA was denatured using 2 N HCl at 37 °C for 30 min. The 
sections were treated with pepsin in 1 ml 3% citric acid solution for 30 s. After rinsed 
with PBS, the sections were incubated in 5% BSA blocking serum supplied in an 
SABC Kit (Boster, Wuhan, P. R. China) at RT for 20 min. After washing off the 
excessive BSA, the specific antibody for BrdU (Roche; 1:50 in PBS with 0.1% BSA 
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and 0.1% Triton-X 100) was added, and the sections were incubated at 37 °C for 1 h. 
Later, the solution was replaced with the biotinylated goat anti-rat IgG secondary 
antibody, and the slides were kept at room temperature. 

To avoid false-positive signals of the pigment in the mantle margin, the negative 
control experiment was performed using the developed DAB method. The experi- 
ment procedure of the control was following the abovementioned steps, except the 
incubation of primary antibody. 

In order to quantify the BrdU-positive cells, the proportion of BrdU-positive cells 
was counted in 10 vision fields containing 100 cells each, based on the previous 
studies of Okudela et al. [20] and Zaldibar et al. [19] 


5.2.6 Changes of Mantle Cell Proliferation During the Tidal 
Cycle 


BrdU was applied to pearl oysters for 2 days with the same pulse addition described 
above. Sample sections were achieved at different intervals and treated using the 
same method as applied previously in the outer epithelia proliferation rate analysis 
and quantification. The proportion of BrdU-positive outer epithelia of different 
regions at different times was calculated by counting the outer epithelia from 
10 vision fields with 100 cells in each vision field. 


5.2.7. Primary Cell Culture of Mantle Tissue 
5.2.7.1 Culture Medium 


Pf-CM2.5 medium for P. fucata primary cell culture was prepared as follows: an 
equal volume of 2x Medium 199 (Gibco, Invitrogen, USA) and 2x Leibovitz-15 
medium was mixed and complemented with 128.9 pg/ml taurine, 170.6 mM NaCl, 
40 pg/ml ascorbic acid, 3.57 mg/ml HEPES with antibiotics, 10 ug/ml ATP, 400 pg/ 
ml lactalbumin hydrolysate (Hyclone, Utah, USA), 50 pg/ml kanamycin, | pg/ml 
nystatin, 100 pg/ml streptomycin, and 100 IU/ml penicillin. The mixture was filtered 
through 0.22 um Millipore membrane. This resulted medium contains 2.5 mM Ca** 
and 2.5 mM Mg” with pH 7.6. 


5.2.7.2 Tissue Operation 


The oyster was sacrificed to cut off the mantle tissue under aseptic conditions. 
Mantle folds were removed, and the mantle pallial epithelia were used for cell 
culture. The tissues were sterilized for 20 min in an antibiotic solution containing 
100 IU/ml gentamicin, 2 pg/ml nystatin, 0.5 mg/ml streptomycin, and 500 IU/ml 
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penicillin in molluskan balanced salt solution (MBSS, Machii and Wada [21]). After 
washed eight times with D-MBSS (MBSS without Ca** and Mg”*), the fragments 
were minced into pieces (2 mm x 2 mm). Ten pieces of tissue fragments were placed 
in a 25 cm” flask (Greiner Bio-One, Germany) coated with rat-tail collagen. Culture 
medium (Pf-CM2.5 with 10% fetal bovine serum) was added to the explants. The 
tissues were maintained in a 25 °C incubator without CO, and an additional 200 pL 
aliquot of culture medium was added every 3 days. Cells migrating from the mantle 
explants were collected after 7 days. 

Gonadal cells were collected from gonads using a sterile syringe and immersed in 
disinfecting solution for 30 min. After rinsed in D-MBSS for several times, the 
gonadal cells were cultured in the same medium as mentioned above for mantle 
tissues. 

The cell viability was measured by using the trypan blue dye exclusion test 
(Phillips 1973). Cellular metabolic activity was determined using the MTT reduction 
assay [22]. The cell cycle was detected using flow cytometry (BD FACSCalibur, 
USA). 


5.2.8 Density Gradient Centrifugation of Mantle Cells 


A discontinuous Percoll (Amersham Bioscience) gradient was applied to separate 
the migrated mantle cells collected from 4-day-old mantle explant cultures according 
to their densities [23]. A 15 ml centrifuge tube was prepared by treating with 1% 
bovine serum albumin (BSA; in water, w/v) for 15 min. Percoll was diluted into 
60%, 36%, 30%, and 15% (vol/vol) with D-MBSS (respective densities: 1.055, 
1.042, 1.039, and 1.029 g/ml), and layered in the centrifuge tube in the order of 
density. One milliliter of dissociated mantle cells (approximately 2x 10’ cells) was 
loaded carefully on top of the gradient. Centrifugation was performed first at 
1000 rpm for 5 min and subsequent continued at 1500 rpm for 10 min. A fine 
pipette was used to collect the separated cells at different gradient interfaces between 
15% to 30% (15%F), 30% to 36% (30%F), and 36% to 60% (36%F). After being 
rinsed in basic medium, 2 x 10° cells from the various fractions were transferred 
tol2-well plates (Greiner Bio-One, Germany) and cultured for 3 days after adding 
0.5 ml growth medium. The culture media were subjected to ELISA assays. To 
explore the effect of calctum on nacrein secretion, the cells of 36%F were cultured 
with the same techniques but grew in media containing calcium of 2.5 mM, 6 mM, 
11.5 mM, or 14 mM. Each data point contained three independent cultures for assay. 

The cells in 36% F were sampled for observation using a scanning electron 
microscope (FEI Quanta 200 FEG) and transmission electron microscope (Philips 
CM 120 Biotwin) according to routine protocols described in Sect. 5.2.2. 
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5.2.9 Immunolabeling Analysis of Epithelial Cells 


Cells from 15%F, 30%F, and 36%F were subjected to immunolabeling analysis 
based on the method previously described by Puverel et al. [24] Because 
pancytokeratin was regarded as a cellular marker of epithelial cells, we used 
mixed monoclonal antibodies to pancytokeratin (anti-pancytokeratin, 1:100; Boster, 
China) as primary antibodies to characterize the epithelial cells. Fluorescein isothio- 
cyanate (FITC)-conjugated goat anti-mouse antibodies (Santa Cruz, USA) were 
applied as secondary antibodies. Finally, 4’,6-diamidino-2-phenylindole (DAPI; 
Sigma- Aldrich) were used to visualize the nuclear of the cells, and the cells were 
observed under a fluorescence microscope (Leica DIMR). 


5.2.10 RNA Extraction and RT-PCR 


RNA extraction and RT-PCR from mantle tissue and hemocytes were operated as 
described above. 

Three genes encoding shell matrix proteins (nacrein, Pif80, and ACCBP) were 
detected, and the housekeeping gene actin was chosen as the reference. The primer 
sequences for each gene are listed in Supplementary Table 5.1. 


5.2.11 Alkaline Phosphatase and Carbonic Anhydrase 
Activities 


The cultured mantle cells were rinsed twice in D-MBSS and sonicated for 30 s to 
detect the activity of alkaline phosphatase (ALP) and carbonic anhydrase (CA). The 
cellular protein concentration was determined using the bicinchoninic acid assay 
(BCA, Pierce, Sigma), with bovine serum albumine (BSA) as a standard. The ALP 
activity was detected according to Sud et al. [12] The cell lysates were incubated at 
37 °C for 1 h in 0.2 M bicarbonate buffer (pH 10.0) containing 4 mM MgCl? and 
2 mM p-nitrophenolphosphate. NaOH (1 M) was added to stop the reaction, and the 
absorbance at 405 nm was detected. We assayed the CA activity according to 
Antonino et al. [25] with slight modifications. The cell lysate (10 mg/ml) diluted 
in a solution of Tris-HCl pH 7.4 (134 ml, 46 mM) was mixed with the substrate 
p-nitrophenyl acetate (66 ml, 30 mM) (Sigma, USA). The reaction was carried out at 
25 °C for 30 min, and the absorbance at 405 nm was detected. For comparison, the 
ALP and CA activities were normalized to the cell protein content. 
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5.2.12 Preparation of Recombinant and Natural Proteins 
of Nacrein 


Two recombinant proteins N1 and N2 were expressed in Escherichia coli BL21 
(Novagen), representing amino acid residues 79-217 and residues 300-360 of 
nacrein (GenBank accession no. BAA11940), respectively. For the detailed opera- 
tion of protein expression and purification, please see in Sect. 2.1.12. 


5.2.13 Antibody Preparation 


See Sect. 2.1.13. 


5.2.14 Immunoaffinity Reaction Analysis 


Purified McAb was coupled to CNBr-Sepharose (Amersham Bioscience) and 
packed into an immunoaffinity column. The extrapallial fluid was extracted from 
the EPS and adjusted to pH 7.5 subsequently loaded onto the prepared 
immunoaffinity column. Similarly, the media from mantle explant cultures and 
fresh medium were also subjected to the immunoaffinity column separately. The 
column was thoroughly washed with PBS containing 0.5 M NaCl. The elution 
process was performed with 100 mM glycine-HCl (pH 3.0) and immediately 
neutralized with 1 M TRIS-HCI (pH 8.0). The eluates were subjected to 12% 
SDS-PAGE and subsequent Western blot analysis. 


5.2.15 Sandwich ELISA 


Anti-N2 was applied as the capture antibody (6 ug/ml in 20 mM NaHCO;, pH 9.6) 
and for pretreatment of the 96-well microtiter plates (Corning, USA) at 4 °C 
overnight. After blocked with 200 pl blocking reagent (5% bovine serum and 5% 
goat serum in PBS) for 1.5 h, the wells were added with 100 pl standard protein and 
samples for 2 h at 37 °C. Later, the wells were incubated for 2 h at 37 °C with 100 pl 
biotin-labeled McAb (5 pg/ml in 1% BSA, PBS) as the detection antibody and 
followed by 1 h incubation of 100 pl horseradish peroxidase streptavidin (1 pg/ml in 
1% BSA, PBS; Santa Cruz, USA). The wells were washed four times with PBST 
(PBS plus 0.05% Tween 20) after each ELISA step. Reaction mixture of 100 pl 0.2% 
1,2-phenylenediamine (Amresco, USA) in potassium citrate buffer (0.1 M, pH 5.8) 
containing HO, was added to each well for coloration, and 30 pl of 2 M H2SO0; was 
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added to stop the reaction. Absorbance of the reactions at 490 nm was measured 
using an ELISA plate reader (Bio-Rad). 


5.2.16 Western Blot Analysis 


See Sect. 2.1.28. 


5.2.17 Calcium Ion Detection 


To determine intracellular and extracellular calcium ions, mantle cells from a 
25-day-old culture were incubated in Pf-CM2.5 containing 8 mM Fluo-3 AM 
(Sigma) or 50 mM Calcein (Sigma) at 24 °C for 1 h. After rinsed with Pf-CM2.5 
three times, the mantle cells were examined using a fluorescence microscope (Leica, 
DMIRB). Polarized microscope (Leica, DMIRB) was used to observe the intracel- 
lular calcium carbonate crystals in the 25-day-old cells. For SEM with back- 
scattered electron (SEM-BSE) and energy-dispersive spectrometry (EDS), the man- 
tle cells were grown on a cover glass in a Petri culture dish with Pf-CM2.5, 
Pf-C10M50, or Pf-S10 M50 adding 10% fetal bovine serum. The Pf-S10 M50 and 
Pf-C10MS50 medium were prepared similar to Pf-CM2.5 but contained 50 mM Mg** 
with 10 mM Sr** plus 2.5 mM Ca** or 10 mM Ca*", respectively. These cultured 
cells were fixed in 4% paraformaldehyde for 15 min. The samples were gently 
washed with sterile water, subsequently subjected to gradient ethanol dehydration 
(50—100%) and liquid CO -mediating critical point drying. The samples were coated 
with carbon and analyzed with a scanning electron microscope (FEI Quanta 
200 FEG). 


5.2.18 In Vitro Calcium Carbonate Crystallization Assay 


See Sect. 2.1.29. 


5.2.19 Cell-Mediated Calcium Carbonate Crystallization 


Aseptic and siliconized cover glasses were placed in 6-cell plates. Primary cultured 
mantle cells or gonadal cells in medium containing 25 mM Ca** were transferred to 
the 6-well plate (n = 6/group). The cell concentration was 1 x 10°/m containing 
500 uL culture medium in each well. The plates were placed in an incubator (25 °C 
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without CO ), and an additional 200 pL aliquot of culture medium was added to each 
well every 3 days. 


5.2.20 SEM and Energy—Dispersive Spectrometry (EDS) 


Two cover glasses in each group were taken out from the wells and rinsed two times 
with D-MBSS to analyze the structural features and elemental composition of the 
deposits. The samples were fixed with 4% paraformaldehyde for 15 min and washed 
two times with Milli-Q water followed by gradient ethanol dehydration. After freeze 
drying for | h, all samples were coated with gold and analyzed under SEM-EDS 
(JSM-7001F field emission SEM, Tokyo, Japan) at an acceleration voltage of 15 kV. 

To validate CaCO 3 crystal formation in hemocytes, hemolymph was extracted 
from Pinctada fucata according to Li et al. (2015) [26]. The hemolymph from ten 
individuals was merged together as one biological replicate. A total volume of 
200 uL hemolymph was dropped onto a slide glass and air-dried at room temperature 
for 1 h. The sample was then coated with gold, and the element compositions were 
measured as described above. The dry artificial CaCO, crystal was added onto the 
slide glass as a positive control. Observations and determinations represented three 
biological replicates, and each replicate had five microscope fields. 


5.2.21 Examination of Calcium Deposition 


The media containing different concentrations of Ca** and Mg** were used to study 
inorganic effects on calcium deposition. Media C10M5, CI1OM10, and C1O0M23.5 
were prepared similar to Pf-CM2.5 but containing 10 mM Ca** with Mg** of 5 mM, 
10 mM, and 23.5 mM, respectively. Medium C5M5 was prepared by adding 5 mM 
Ca** and 5 mM Mg" to the medium Pf-CM2.5. Mantle and heart tissues were 
cultured in these media for 25 days. In an additional experiment, mantle tissues were 
kept in Pf- CM2.5 for 15, 25, and 45 days. 

To analyze the calcium deposits, the cultures were washed two times with 
D-MBSS and fixed in 4% paraformaldehyde for 15 min, thoroughly washed with 
sterile water, and air-dried. These cultures were examined under an SEM (FEI 
Quanta 200 FEG, Netherlands) without gold sputtering to avoid heat damage. 
Calcium deposits in the cultures were determined by back-scattered electron (BSE) 
imaging at an accelerating voltage of 20 kV. The chemical composition of the 
deposits was measured by EDS as previously described. 

After cultured in Pf-CIOM50 for 25 days, cell culture from ten dishes were 
collected and centrifuged. The pellet was washed with Milli-Q deionized water 
and stored in ethanol before used. For Fourier transform infrared spectroscopy 
(FTIR) analysis, the ethanol was removed and cell powder was prepared using 
critical point drying with liquid CO, and then subjected to a Nicolet 560 Fourier 
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transform infrared spectrometer. The cell powder was also detected by X-ray 
diffraction (XRD) using a D/max 2500 X-ray diffractometer. Synthetic ACC was 
prepared according to the method of Koga et al. [27] and used as a reference in XRD 
analysis. 


5.2.22 Hemolymph Collection 


Hemolymph was gently intermittently sucked from the pericardial cavity or the 
adductor muscle sinuses with using a | mL syringe. The hemolymph from ten 
oysters was transferred to a 1.5 mL sterile centrifuge tube, mixed, and placed on 
ice as a pooled replicate. Hemolymph from 30 individuals was collected to obtain 
three biological replicates. For flow cytometry analysis, the sample was mixed with 
one volume of precooled Marine Alsever’s solution (MAS, 145 mM NaCl, 27 mM 
sodium citrate, 9 mM EDTA, 115 mM glucose in sterile water, pH 8.0) once 
extracted and placed on ice to prevent cell clumping. The dispersity of hemocytes 
was checked under an optical microscope (Nikon Ti-U, Tokyo, Japan). 


5.2.23 Hemocyte Morphology and Classification 


A sample of 500 pL pooled hemolymph was centrifuged, and the pellets were 
dropped on a glass slide, air-dried, and then subjected to hematoxylin-eosin staining 
(Beyotime Institute of Biotechnology, Haimen, China). To observe the granules in 
hemocytes, 30 uL fresh hemolymph sample was dropped on slide, covered with 
cover slip, and examined with an optical microscopy (Nikon Ti-U, Tokyo, Japan) 
equipped with a Nomarski DIC prism. Next, 500 uL pooled hemolymph was used 
for SEM and TEM as described above in Sects. 5.2.4 and 5.2.20. Diluted hemo- 
lymph sample (100 pL) was characterized using a flow cytometer (BD FACSCalibur, 
San Jose, USA) following Castellanos-Martinez et al. [28] The hemocytes were 
grouped based on side scatter (SSC) and forward scatter (FSC), and the percentages 
of each population were calculated. 


5.2.24 Shell Notching and Staining 


To obtain direct evidence that the hemocytes participate in shell formation, a shell 
notching experiment for Pinctada fucata was performed. 

One month after notching, the regenerated together with mature shells near the 
notching site were collected from thirty notched individuals and washed with sterile 
seawater. The shells were fixed in 4% paraformaldehyde for 2 h at 4 °C and rinsed 
three times with sterile seawater before H&E staining as described above. The 
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stained shell samples were examined immediately using optical microscopy (LM, 
TieU, Nikon, Tokyo, Japan). 

Calcein AM (Dojindo Laboratories, Kumamoto, Japan) was also used to stain the 
shell samples, according to Mount et al. (2004) [17], with slight modifications. 
Calcein AM was dissolved in dimethyl sulfoxide (DMSO) and diluted to final 
concentration of 20 mM with phosphate buffered saline (PBS, 20 mM sodium 
phosphate, 200 mM NaCl, and pH 7.4). The shell samples were placed in a petri 
9 cm dish and completely immersed in 2 mL diluted calcein AM. After being 
incubated for 3 h at room temperature, the shell samples were washed two times 
with PBS, transferred to glass slides, and then examined under a fluorescent micro- 
scope (TieU, Nikon, Tokyo, Japan). 


5.2.25. Fluorescence—Tracking of EPS Hemocytes 


Hemocytes extracted from the EPF were mixed to an equal volume of precooled 
MAS immediately. The pellets were centrifuged and resuspended in MAS and were 
used to label the hemocytes. The collected cells were labeled with a green living cell 
fluorescent dye carboxyfluorescein succinimidyl ester (CFSE, BD-Pharmingen) for 
10 min, with the final concentration of 5 uM diluted in MAS and rinsed twice with 
MMBSS. The labeled cell suspension was adjusted to 10°/ml. 

For labeled cell injection, 12 recipient pearl oysters were anesthetized in seawater 
containing 0.2% 1-phenoxy-2-propanol (Sigma-Aldrich). When the two valves 
opened, 50 uL of labeled hemocytes suspension was injected into the EPS or 
adductor muscle, and each treatment contained six individuals. The pearl oysters 
were left for 10 min and then returned to the tank. After 24 h, body fluids from both 
the EPS and adductor muscle were extracted, and the labeled hemocytes were 
counted under a Nikon fluorescence microscope. 


5.2.26 Determination of Immune Parameters 
in the Hemolymph 


Hemolymph of 300 uL, 500 uL, and 300 pL was used to determine the neutral red 
uptake (NR), total protein content (TP), and total hemocyte count (THC), respec- 
tively. Th TP e and NR were measured at 595 nm and 550 nm using a spectropho- 
tometer (Ultrospec 7000, GE, USA) as previous described [29]. The results were 
denoted as mg protein per mL hemolymph and OD per mL hemolymph, respec- 
tively. The THC in the hemolymph was determined using Absolute Counting Tubes 
(BD Trucount™, San Jose, USA) following the manufacturer’s instructions. The 
THC was estimated with the following formula and presented as cells per mL 
hemolymph: 
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THC — Numbers of acquired haemycotes Numbers of beads in count tube 
~ Numbers of acquired haemycotes Volume of hemolymph 


5.2.27 Determination of the pH Value in Extrapallial Fluid 
and Hemolymph 


The extrapallial fluid from ten individuals exposed to various stressors was sucked 
by a disposable syringe and transferred into a sterile centrifuge tube to make one 
pooled replicate. Each treatment contains three replicates. The pH values of the 
extrapallial fluid and hemolymph samples were measured directly by the pH con- 
troller described above. 


5.2.28 Calcium Contents in Hemocyte and Hemolymph 


The cytoplasmic free calcium (Ca**) contents of hemocytes were measured by Fluo- 
3/acetoxymethyl ester (Fluo-3 AM) and subsequently detected by the flow 
cytometry method as described above. The calcium concentration of the hemolymph 
was determined by an inductively coupled plasma mass spectrophotometer (ICP-MS 
7900, Agilent Technologies, CA, USA) according to Fernandez-Turiel et al. [30] 


5.2.29 Extrapallial Fluid (EPF) Observation 


To characterize the hemocytes in EPF, 0.5 mL EPF from one pearl oyster was sucked 
with a 5 mL syringe. The EPF from ten individuals were mixed together to obtain 
one biological replicate. The merged EPF for each replicate was observed by LM 
(TieU, Nikon, Tokyo, Japan) and transmission electron microscopy (TEM, Hiachi 
H-7650B, Japan) according to the method mentioned above. 


5.2.30 Proteome Analysis 


To analyze the molecular basis of mineralization microenvironment in hemocytes, 
liquid chromatography tandem mass chromatography (LC-MS/MS) method was 
applied to determine the total cellular proteins. Pooled hemolymph was obtained 
as described above and centrifuged at 800 g and 4 °C for 5 min to collect to pellets. 
After being washed with 0.1 M of PBS three times, the precipitant was resuspended 
in 200 mL of RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 0.1% 
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SDS, 1% NP-40) and 1.7 mg/ml of a protease inhibitor (Sangon Biotech, Shanghai, 
China). The hemocytes lysate was placed on ice for 10 min and then vortexed for 
30 s every 5 min. The mixture was centrifuged at 12000 g for 5 min. The supernatant 
component was transferred to a new 1.5 mL tube and kept in boiling bath for 10 min 
with protein loading buffer. The resulting sample was loaded for 12% SDS-PAGE 
and then stained with Coomassie Brilliant Blue R-250. The selected bands were 
excised for further investigation by NanoLC-MS/MS with Q Exactive MS (Thermo 
Fisher Scientific, Waltham, MA, USA), according to Liu et al. (2015) [31]. 

The output data were blasted against the P. fucata draft genome database 
(Predicted Proteins for Genome Assembly version 1.0, http://marinegenomics.oist. 
jp/genomes/downloads) and oyster peptides database (Version 1.0, http://www. 
oysterdb.com/) by Proteome Discoverer software version 1.4.1.14 (Thermo Fisher 
Scientific, San Jose, CA). The tolerance was set to 0.5 Da. The sequences with at 
least two matched peptide fragments and with Mascot Scores >5.0 were considered 
to be valid. 


5.2.31 Statistical Analysis 


Statistical analysis was performed with SPSS statistical package. One-way analyses 
of variance (ANOVA) were employed to determine the effect of sampling time. 
Nonlinear regression analyses were carried out with the SigmaPlot statistical 
package. 


5.3. Morphology of the Mantle Tissue 
5.3.1 Histology and Ultrastructure 
5.3.1.1 Histochemistry 


The mantle tissue in P. fucata is the thin membrane organ beneath the covering shell. 
Generally, it is divided into three regions based on their functions: marginal zone, 
submarginal zone, and central zone (Fig. 5.1). No morphological boundary exists 
between the submarginal zone and marginal zone. The marginal zone has outer fold 
(of), middle fold (mf), and inner fold (if) in structure. The thickness of mantle 
declines from distal axis to proximal axis. Some nodes can be found in mantle 
pallial separating the central zone and marginal zone. These nodes are formed by the 
extending connect tissue and mediate the connection of the shell and the mantle. 
The epithelial cells lining the outer surface of mantle are believed to be respon- 
sible for shell formation. We applied histochemistry to characterize the cell types and 
corresponding functions. Alcian blue/PAS staining revealed that a layer of columnar 
epithelia was surrounding the outer fold of mantle margin (Fig. 5.2a). Both Alcian 
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Fig. 5.1 Diagram of transverse section of the mantle of P. fucata. if inner fold, mf middle fold, of 
outer fold, oe outer epithelium, ie inner epithelium, gc globlet cells secreting mucopolysaccharides, 
ct connective tissue, mn mantle nerves 


blue- and PAS-positive outer epithelia coexist in this part. In submarginal zone, the 
outer epithelia did not array so compactly with each other as those in the marginal 
zone. The density and amount of secretory granules significantly deepen the Alcian 
blue/PAS staining. Outer epithelia of Alcian blue- and PAS-positive were not clearly 
separated any more (Fig. 5.2b). The outer epithelia in the central zone containing 
almost one cell type and the shape were relatively cubic. The region was bloom and 
succulent in Alcian blue/PAS-positive cells (Fig. 5.2c). The outer epithelia in the 
visual field were dominated by amethyst-stained cells. The cells in the outer epithelia 
of mantle isthmus were tall and columnar. The secretory cells were comparative 
absence in this zone, but the connective tissue was well developed (Fig. 5.2d). 

Our results of cytochemistry investigation shared some common features consis- 
tent with some earlier studies in other mollusks. For example, the outer epithelia 
contained mainly columnar epithelial cells in the outer fold of the marginal zone; 
then, the height gradually decreased in the outer epithelia toward the submarginal 
zone; the outer epithelia were constant in size and displayed in low columnar form in 
the central zone; and at last in the mantle isthmus, the secretory cells were absent 
[32-34]. Using TEM observation, it was found that in the mantle outer epithelia, the 
protein synthetic apparatus undergoes a progressive reduction, while the quantities 
of glycogen and mucopolysaccharides increased from the marginal toward the 
central zone. It should be noted that this interesting progressiveness was also 
found in Mytilus edulis, Lymnaea stagnalis [35], Nucula sulcata [33], Cardium 
edule, and Pinctada maxima [36]. 


5.3.1.2 The Pellet Was Washed with Milli-Q 3.1.2 Electron Microscopy 


TEM observations were used to further confirm the configuration of the epithelium 
established by the optical microscope [16]. The outer epithelia lining the outer fold 
were rather compact and lay parallel to each other in the marginal zone (Fig. 5.3a). 
These cells had round nuclei and contained well-developed granular endoplasmic 
reticulum with numerous mitochondria. What’s more, numerous membrane- 
bounded electron-dense vesicles fused with each other and dominated the whole 
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Fig. 5.2 Histology of outer epithelia in marginal, submarginal, central, and isthmus mantle of 
Pinctada fucata based on paraffin serial sections (cross section). LM. (a) Alcian blue/PAS staining, 
showing outer epithelial cells in outer fold of marginal zone composed of a layer of columnar 
epithelia. Both Alcian blue-positive (black arrowheads) and PAS-positive (black arrows) outer 
epithelia were detected. ct connective tissue, bars 10 um. (b) Secretory granules in outer epithelia of 
submarginal zone. The amount and density of secretory granules increased greatly in this zone. oe 
Outer epithelia, bars 20 um. (c) Amethyst-stained granules in outer epithelia of the central zone 
dominated this region (black arrows). oe Outer epithelia, ct connective tissue, bars 20 um. (d) 
Isthmus Alcian blue/PAS staining showing the columnar outer epithelia and much lower secretory 
activity compared with central zone (arrows). oe Outer epithelia, ct connective tissue, bars 30 um 


apical half in these outer epithelia (Fig. 5.3b). Measuring about 0.5 um in diameter, 
these membrane-bounded vesicles were found only in the outer epithelia of outer 
fold and directly responsible for shell formation. In Fig. 5.3c, which showed another 
outer epithelium in the outer fold, small granules were nipped off from the marginal 
tips of the outermost cisterna of Golgi complex, and several such granules were 
found around the Golgi complexes. In the submarginal zone, numerous secretory 
vesicles were found and supposed to be responsible for shell formation. The 
extensive granular endoplasmic reticulum (ER) suggested that active metabolism 
and secretory activities was also present in the outer epithelia of this zone (Fig. 5.3d). 
But the organelles in the outer epithelia of mantle isthmus, such as the Golgi 
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Fig. 5.3. TEM observations of the outer epithelia in four zones. An overview of outer epithelia in 
mantle outer fold. The cytoplasm especially the whole apical half of these epithelial cells was 
occupied by double membrane-bounded vesicles. n Nucleus, bars = | um. (b) Magnification of 
inset of (a), details of apical half of the outer epithelia in outer fold mantle margin: its well- 
developed granular endoplasmic reticulum (ger), the mitochondria (mi) with well-developed 
cristae, and double membrane-bounded vesicles (mbv). Bars = 0.5 um. (c) Outer epithelia in 
mantle margin outer fold containing Golgi complex (gc), Golgi secretory granules (gv), and the 
mitochondria (mi), Bars = 0.5 um. (d) Observations of the outer epithelia in mantle submarginal 
zone: prominent secretory vesicles(sv), well-developed granular endoplasmic reticulum (ger), and 
mitochondria (mi) indicating active metabolism and active secretory activities responsible for shell 
formation. n Nucleus, mv microvilli, bars = 1 um. (e) Sparse organelles such as granular endo- 
plasmic reticulum (ger) and the mitochondria (mi) of outer epithelia in mantle isthmus indicating 
inactive secretory activities. ct connective tissue, n nucleus, bars = 1 pm. (f) Outer epithelia in 
mantle central zone entirely filled with secretory vesicles (sv) and numerous mitochondria (mi). 
n nucleus, bars = 2 um 


complex, endoplasmic reticulum, and especially the secretory vesicles, were small 
(about 0.05 um in diameter) and translucent (Fig. ) when compared with 
submarginal and marginal zones. In the central zone showed in Fig. , the entire 
cytoplasm of the outer epithelial cells was filled with numerous granules of varied 
electron densities and diameters (about 0.5—2 um). Furthermore, other organelles in 
the outer epithelia of the central zone, such as ER and the Golgi complex, were 
drastically reduced in number, except that of mitochondria. 
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5.3.2 Cell Types in the Outer Surface of Mantle 
5.3.2.1 Epidermal Cells 


The epidermal cells dominate in the outer and inner surface of the mantle, which was 
revealed by transmission electron microscope observation of primary cell culture 
and the ultrathin section. It was supposed that the epidermal cells play a critical role 
in SMPs and ions secretion during shell formation. Numerous vesicles accompanied 
by plenty of mitochondria were found to occupy near the epical and basal mem- 
branes of the epidermal cell. Moreover, fraction of epidermal cells was obtained 
from the cultured mantle cells using Percoll density gradient centrifugation and 
further confirmed by the detection of the cellular marker pancytokeratin. When 
cultured in dishes, these cells attached to the substrate and several pseudopodia 
stretched out from the cell surface (Fig. 5.4a). The cell size was about 10-15 ym in 
diameter. Western blot results indicated that these epidermal cells maintained their 
ability to synthesize and secrete shell matrix proteins in vitro. 


5.3.2.2 Mucous Cells 


Mucous cells represent another important cell type respected to shell mineralization, 
lining the outer epithelia of the mantle among the epidermal cells. They distribute 
heterogeneously on the outer surface of mantle, with higher proportion in the pallial 
and central zone and declined in number toward the mantle edge. Large vesicles 
containing homogenous fiber-like mucus occupy the whole cells and bulge in to the 
extrapallial space. These mucous cells might be responsible for the polysaccharide 
secretion during shell formation. 


5.3.2.3. Other Cell Types 
Other cell types involved in biomineralization include hemocytes and special secret- 
ing cells in the periostracum groove, whose features and functions were not fully 


understood. Muscle cells were characterized in the mantle tissue and cultured cells, 
as well as some unknown cell types. 


5.3.3 Cell Proliferation in Mantle Tissue 


5.3.3.1 Identification and Quantification of Proliferating Mantle Outer 
Epithelia 


After exposure of BrdU for 12 h and immunohistochemistry on the tissue, the four 
mantle regions displayed different proliferation activities in all the specimen. In the 
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Fig. 5.4 Electron microscopic observation of epithelial-like cells [23]. (a) Scanning electron 
micrograph of epithelial-like cells, which are half-adherent to the substrate and spherical in vitro. 
Bar 10 um. (b) Transmission electron micrograph of an epithelial-like cell showing prominent 
secretory vesicles (sv), vacuoles (va), mitochondria (mi), and a large nucleus (n) with a prominent 
nucleolus (nu), indicating active metabolism and secretory activities. Bar 1 um 


marginal zone, no positive signal was detected in the outer epithelium of the outer 
fold (Fig. 5.5a). Whereas in the submarginal zone (Fig. 5.5b) and mantle isthmus 
(Fig. 5.5c), immunopositive signals were found were under the visual field. At last, 
the outer epithelium nuclei of mantle central zone exhibited very strong 
immunopositive signals (Fig. 5.5d). As seen with the confocal microscope (Olympus 
FV500), the nucleus to cytoplasm ratio was clearly much higher in outer epithelia of 
central zone than those of the isthmus, submarginal and the marginal zones (inset of 
Fig. 5.5d). 

According to multiple comparisons between the mean values by the one-way 
ANOVA and F-test, BrdU-labeling values of the four mantle regions differed 
significantly from each other. Specifically, the outer epithelia of central zone had a 
significantly higher proliferation rate (P < 0.01) than the other three regions 
(Fig. 5.6). So we propose that in the mantle of P. fucata, there is a proliferation 
hot spot, located in the center of the thinnest mantle region. The proliferation rate 
declines from the center zone to the margin zone, and the mantle margin almost loses 
the ability of proliferation. The mantle continuously differentiates as the oyster 
grows, and the direction is from the central part to the marginal zone. 

The progressiveness of mantle’s proliferation and secretion features was an 
interesting finding. Though there was no very solid evidence to prove that the 
epithelia in the central zone were definitely stem cells, our observation did find 
some characteristic features of the stem cells, the high proliferation rate and high 
content of saccharides. So it deserves more research to search for stem cell markers 
such as CD9, CD34, ABCG2/Bcrp1, and AC133 in this region. When the human 
bone marrow mesenchymal stem cells (hMSCs) differentiate into endothelial cells, a 
very important feature is that the cells form a glycogen pool in the ectoplasm and are 
positive for glycogen stain. And the glycogen decreased or disappeared after differ- 
entiation [37]. Much research has been looking into the proliferation of molluskan 
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Fig. 5.5 BrdU labeling of mantle epithelia in different regions of Pinctada fucata. LM. (a) 
Negative BrdU signal in nuclei of marginal zone outer epithelia (oe outer epithelia, ct connective 
tissue). (b) BrdU-positive nuclei (black arrowheads) in submarginal zone outer epithelia (oe outer 
epithelia, ct connective tissue). (c) BrdU-positive nuclei (black arrowheads) in mantle isthmus 
outer epithelia (oe outer epithelia, ct connective tissue). (d) Very strong BrdU-positive signals 
(black arrowheads) in the outer epithelia of central zone (oe outer epithelia). Inset Part of the central 
zone outer epithelia exhibiting a high ratio of nucleus to cytoplasm under confocal microscope. 
Bars, 20 um (a-d) 


cells, including stomach cells in Crenomytilus grayanus [38], hemocytes in 
Mercenaria mercenaria [39], and digestive gland cells of mussels [40—43]. Yonge 
supposed that certain kinds of basophilic cells may be stem cells and later reports in 
some crustacean hepatopancreas [44, 45] indicated a similar proliferation model. 
Marigómez et al. [46] found that both basophilic and digestive cells were able to 
dedifferentiate, similar to that some mature cell types in vertebrates undergo autol- 
ogous division [47]. Usually, epithelial cell renewal relies on the autologous division 
of mature cells [19] but Hanselmann and Smolowitz [39] showed direct proliferation 
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Fig. 5.6 Comparison of the cell proliferation rate in different mantle regions. The central zone 
exhibited a higher proliferation rate than the other regions. ** P < 0.01, significant difference 
compared with that in the central zone. Each bar represents the mean + SE of different regions 


of hemocytes even after parasite damage. So the model of proliferation may vary in 
different mollusk cells and can’t be summarized simply. 

There has been no research about stem cells in invertebrates, especially in 
mollusks. And this has become the hindering factors for cell culture of invertebrates. 
Checa [48] proposed that the mantle margin is the main morphogenetic shell- 
secreting unit. However, the submarginal zone is usually selected as the origin of 
mantle outer epithelia in primary mantle cell culture, based on the knowledge from 
the aquaculture of pearl. The quality and color of the cultured pearl is closely related 
to the choice of the donor oyster for mantle slices. The reason for the choice of such 
slices for pearl aquacultures may be that the submarginal region not only secretes 
actively but also has the ability to generate a pearl sac and display well-differentiated 
biological functions. However, based on the results of our investigation, the sub- 
marginal zone may not be the ideal region for developing a cell line because it has 
low proliferation rate compared with that of the outer epithelia in the central zone. 


5.3.3.2 Changes in Cell Proliferation During the Tidal Cycle 


In the light of the multiple comparisons between mean values (P < 0.01) by one-way 
ANOVAs and subsequent Duncan’s tests, BrdU-labeling values were significantly 
different between the varied sampling times. It was found that both the central and 
submarginal zones exhibited pattern of rhythmic variation with the low and high 
tides over a 48-h time period (Fig. 5.7a, b). Based on nonlinear regression analysis, 
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Fig. 5.7 BrdU labeling (% + standard deviation) of the outer epithelium of P. fucata in (a) 
submarginal zone and (b) central zone relative to 48 h. Nonlinear regression of BrdU-labeling 
values (% cells) recorded against experimental time (in 48 h) relative to the time; (c) the submar- 
ginal zone’s best fitness corresponded to a waveform function; Y = 10.5515 + 4.9923 sin[(21X/ 
25.1082) + 4.0982]; R* = 0.7041 where all regression and correlation coefficients were significant 
(P <0.01). The distance between the peaks and between the troughs is approximately 24 h. (d) The 
central zone’s best fitness corresponded to a waveform function: Y = 21.4276 + 8.4160 sin[(21X/ 
25.0405) + 3.9506]; R? = 0.7736 where, all regression and correlation coefficients were significant 
(P < 0.01). The distance between the peaks and between the troughs is approximately 24 h (dotted 
arrows low tide, arrows high tide) 


the data apparently adjust to a waveform function of an approximately 24 h period- 
icity (Fig. 5.7c, d). 

It is also quite interesting to compare our results with the previous work of 
Zaldibar et al. [19], which reported the proliferating cells in the stomach and 
digestive gland in Mytilus galloprovincialis. They found that cell renewal in diges- 
tive diverticula was synchronized with the tidal pattern. So it is obvious that the 
mantle, stomach, and digestive gland epithelia showed a similar fluctuating pattern 
that perfectly resembles a tidal rhythm. The was consistent with the study of Pannella 
[49], who found that the rapid shell deposition occurred in 2—3 h during rising tides. 
In addition to the shell mineralization rate, many physiological processes exhibit 
similar fluctuation of tidal rhythms, which have been reported in other marine 
invertebrates [50, 51]. To avoid any interference between the photoperiod and 
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tidal cycles, we closely investigated the subtidal pearl oyster according to Zaldibar 
et al. [19] We supposed that the proliferation fluctuation of the mantle cell may be a 
direct result of tidal rhythms. 

There are quite a lot of physiological and environmental factors including tem- 
perature, tides, day/night cycles, salinity, and food supply that could affect shell 
calcification process, either in combination or independently [52, 53]. Many studies 
have focused on the formation of growth lines, and different methods have been 
applied to understand this rhythmicity [52, 54, 55]. Thompson supposed that even 
though the bivalve shell ultimately mirrors the cycles of these rhythms, this signal 
transfer was neither immediate nor passive, and there might be a “rhythmic” tissue in 
the organism involved. Thompson also showed that this organism maintains its 
growth rhythm in the absence of these environmental cycles [56]. The excellent 
consistency of cell proliferation fluctuation with the tidal rhythm is a very interesting 
phenomenon, indicating that the mantle may be a “rhythmic” tissue, as Thompson 
suggested. 


5.4 Primary Cell Culture of the Mantle Tissue 


5.4.1 Maintenance of Primary Cell Culture 


After 24 h of culture initiation, mantle cells actively migrated from explants, and 
formed cell sheets surrounding the explants after several days of cultivation 
(Fig. 5.8b). Three types of cells dominated the cell culture, namely, epithelial-like 
cells, hyalinocytes, and hemocyte-like cells (Fig. 5.9a). Generally, 1-2 x 10° of 
migrated cells were obtained from the explant cultures of per oyster after cultivation 
for 4 days; the total viability of the cells ranged from 86% to 90%. Flow cytometry 
analysis indicated that 83.80% + 1.95% of the migrated cells were distributed in the 
GO/ GI phase, 1.59% + 1.15% in the G2/M phase, and | 4.61% + 0.93% in the S 
phase of the cell cycle. These results suggested that the mantle cells maintained their 
viability but did not actively proliferate. 

To obtain single cells, enzyme-dissociation method was also adopted to dissoci- 
ate the tissue. Approximately 2 x 10° cells of one oyster were enzymatically 
obtained from mantle tissue fragments; the total viability of the cells ranged from 
90% to 95%. However, after a 3-day cultivation, the MTT activity of the dissociated 
cells declined to 55-70% of that in the first day, whereas the MTT activity of the 
migrated cells showed no significant change (Fig. 5.9b). Therefore, mantle explant 
culture was applied for further experiments. Moreover, although wide-spectrum 
antibiotics—antimycotics were added in the media, some of the primary explant 
cultures had to be discarded due to serious contamination of amoebae, fungus, or 
protozoan originating from the explants. So we cultured the explants from several 
oysters separately to select non-contaminated cultures in order to obtain single cells 
and reduce the contamination risk in subsequent cultivation. 
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Fig. 5.8 Mantle explant culture. (a) The valve of Pinctada fucata. The mantle pallial (mp) was 
used for explant culture (mc mantle center, me mantle edge, s shell, a adductor muscle, g gill). (b) 
Cell sheets formed around the explant after incubation for 4 days (exp explant). Bar = 100 um 
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Fig. 5.9 Cell culture and separation. (a) Phase-contrast light micrograph of a mixed cell population 
in a mantle explant culture from P. fucata (e epithelial-like cell, 4 hemocyte-like cell, hy 
hyalinocyte). (b) Relative MTT activity of migrated cells from explant culture (circles) and of 
enzyme-dissociated cells (squares). Data are the mean + SE of three independent experiments. (c) 
Percentage of cells in Percoll fractions of 15%F, 30%F, and 36%F in the total (vertical lines 
standard deviations). (d) Hyalinocytes (Ay) distributed in Percoll fraction of 15%F. (e) Hemocyte- 
like cells (h) distributed in Percoll fraction of 30%F; sometimes, fibroblast-like cells (f) were 
observed. (£) Epithelial-like cells (e) distributed in Percoll fraction of 36%F. Bars 50 um 
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In mantle tissue culture, cells began to migrate from the explants 6—8 h after 
culture initiation and the migration became active after 24 h. Numerous cells, mainly 
the epithelial-like cells (8-10 tm), round hyalinocytes (10—14 pm), and hemocyte- 
like cells (6-8 um) migrated out and began to grow around the mantle explants after 
2—3 days. The adherence of mantle explants to the substrate was critical for cell 
migration. To promote their adherence, the explants were cultured in reduced culture 
medium so that they were just covered during the first 2 days. The non-adhered 
tissue explants were discarded after a 2-day incubation, and the adhered explants 
continued to be cultured with enough media. Frequently, fibroblast-like cells were 
observed to be derived from the explants after 4-5 days. After 7-10 days, the 
migrated mantle cells containing dominant epithelial-like cells would shape conflu- 
ent cell sheets covering most area of the culture dish, and the cell viability counted 
88-90% (Fig. 5.10a). The epithelial-like cell confluent would last for several weeks 
unless serious contamination occurred and maintain a viability of 60-70% within 
45 days accompanied with spindle-like muscle cells when the explants were 
disrupted (Fig. 5.10b). Generally, the epithelial-like cells would remain alive for 
up to 2 months. Modifications of the Ca** and Mg** concentrations in the medium 
did not have adversely effect on cell migration. 

During the first 2-3 days, some fragments in heart tissue cultures would keep 
beating in vitro. Numerous granular and hyalinocytes cells surrounded near the 
fragments at day 9 after the tissue fragments adhered to the substrate (Fig. 5.10c). 
As the culture continued, epithelial-like cells would dominate the migrated cell 
surrounding the tissue fragments (Fig. 5.10d) and survive for about 25 days. 


5.4.2 Cell Separation and Identification 


The single mantle cells were collected from explant cultures and mixed together for 
separation by density. Most of the cells were divided into three Percoll fractions, 
namely, 15%F, 30%F, and 36%F, lied at the interfaces between gradient 15% to 
30%, 30% to 36%, and 36% to 60%, respectively. The relative proportion of cells in 
the 15%F, 30%F, and 36%F fractions were 20% + 2%, 21% + 5%, and 58% + 8% 
of the total cells, respectively (Fig. 5.9c). In the 15%F, the main proportion was 
round hyalinocytes with diameter of 10-14 um, (Fig. 5.9d). Most cell debris and 
dead cells also fell in this fraction. The hemocyte-like cells with 6—8 um in diameter 
mainly settled in 30%F, together with some fibroblast-like cells (Fig. 5.9e). The 
epithelial-like cells (8-10 um of diameter) were mainly separated into 36%F 
(Fig. 5.9f). 

In order to characterize the epithelial cells in the separated fractions, 
immunolabeling of anti-pancytokeratin was performed. DAPI staining of cell nuclei 
was used to indicate the presence of cells (Fig. 5.1 la, d, g). As a result, the cells in 
15%F and 30%F were seldom stained by FITC (Fig. 5.11c, fẹ, while positively 
staining was seen in most of the cells in 36%F (Fig. 5.111). Because pancytokeratin 
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Fig. 5.10 Primary mantle and heart tissue culture. (a, b) Confluent cell sheet of migrated cells from 
mantle explants after 10 days and 45 days, respectively; the arrowhead indicates the epithelial-like 
cells. (a) White and black arrows indicate hemocyte-like cells and fibroblast-like cells, respectively. 
(b) White arrows indicate spindle-like muscle cells. (c) Migrated cells around a heart tissue 
fragment in 9 days; the shadow at the bottom left corner indicates the tissue fragment. (d) Migrated 
cell sheet in heart tissue cultures after 25 days. Scale bars, 50 pm 


was regarded as a cellular marker of epithelial cells, we assumed that the FITC 
positive cells in 36%F were epithelial cells origin from the mantle epithelium. 

Previous studies have showed that cells lining the outer surface of the mantle 
pallial actively synthesize and secrete shell matrix proteins [4, 16, 57]. Furthermore, 
mantle explant cultures using the pallial zone are often applied for the in vitro study 
of biomineralization and displayed active secretion of organic matrix in vitro [9, 15, 

]. Therefore, we tried to develop long-term primary cell culture from the mantle 
pallial to study shell matrix protein secretion in P. fucata. 

Enzyme digestion is a common used technique for single cells isolation from 
tissue. Awaji [58] treated mantle tissue fragments from Pinctada fucata with dispase 
II to obtain separated mantle epidermal cells. Most dissociated cells survived at the 
beginning of the cell culture but suffered from decline of cells viability about 60% in 
3 days [59]. Chen and Wen [11] have found that collagenase treatment resulted in 
harvest of dissociated cells from oyster heart maintaining good growth in vitro and 
the damage was less than trypsin treatment. In our study, we employed collagenase 
and hyaluronidase to dissociate viable single cells from mantle tissue. However, 
MTT activity assays showed that the dissociated mantle cells exhibited poor growth 
in vitro, only 55%—70% of MTT activity was retained after 3 days. On the opposite, 
the cells migrated from the mantle explant retained high MTT activity after 3 days. 
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Fig. 5.11 Immunolabeling of the cells from 15%F, 30%F, and 36%F with mixed monoclonal 
antibodies to pancytokeratin as primary antibodies and FITC anti-mouse antibodies as secondary 
antibodies. The presence of cells from the 15%F (a), 30% F (d), and 36%F (g) was indicated by 
DAPI staining (DAPI; blue) of cell nuclei. The presence of pancytokeratin-labeled cells (PCK) was 
indicated by FITC labeling (green/yellow). The cell types in 15%F (b) and 30%EF (e) were poorly 
stained by FITC, whereas most of epithelial-like cells in 36%F were positively stained (h). (c, f, i) 
Merged images of DAPI and PCK staining. Bars 25 pm 


Therefore, we chose the explant cultures, but not enzyme treatment, to achieve single 
cells for cellular metabolism study. 

Active cell migration has been observed all over mantle explant culture period 
[8, 9]. Four days since culture initiation, the migrated cell population mainly consist 
of epithelial-like cells, hemocyte-like cells, and hyalinocytes. Immunolabeling for 
anti-pancytokeratin indicated that the epithelial-like cells might originate from the 
mantle epithelium. The ultrastructure of the epithelial-like cells revealed by TEM 
observation exhibited numerous secretory vacuoles and vesicles, similar to the 
epithelial cells in mantle pallia [3, 16]. The particular cellular organelles in this 
type of cells had a higher cell density, leading to their isolation from the mixed cell 
population by using discontinuous Percoll gradient centrifugation. Taken the 
immunolabeling and ultrastructure results together, we deduced that the isolated 
epithelial-like cells should be the outer epithelial cells in mantle tissue, which were 
further confirmed by ELISA assay. In addition, the epithelial-like cells in 36%F have 
the activity of secreting nacrein, a matrix protein highly expressed in the outer 
mantle epithelium [60]. In contrast, trace amounts of this protein was detected in 
the cells from 30% F or 15% F. Characterized by tissue specificity, the expression of 
SMPs is always confined to specific areas of the mantle tissue according to previous 
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studies [1, 4]. Therefore, the ability to synthesize and secrete SMPs can be regarded 
as a functional feature in identifying outer epithelial cell of the mantle in vitro. 

Most of the migrated mantle cells were detained at the GO/G1 phase and did not 
actively proliferate in vitro, as revealed by the cell cycle analysis. Efforts to obtain a 
proliferating cell culture from mantle tissue have never succeeded [8, 14]. This might 
be due to the lack of vital information about the physiology and the nutrient 
requirements of the cells in vitro [30]. Even though the cultured cells we obtained 
did not actively proliferate in vitro, they maintained their viability, physiological 
capabilities, and intrinsic ultrastructure, thus having potential applications for char- 
acterizing cellular physiology and regulatory mechanism of biomineralization 
in vitro, which are poorly understood and difficult to accomplish solely in in vivo 
models. 


5.5 Cellular Control of Biomineralization by Mantle Tissue 
5.5.1 Shell Matrix Protein Secretion 
5.5.1.1 Expression Level of Matrix Proteins During Cell Culture 


The expression of SMPs in the cultured mantle cells in vitro was measured by 
RT-PCR. The fragments of nacrein (484 bp), MSI7 (156 bp), and MSI60 (354 bp) 
were detected in the mantle cells from 5-day-old mantle cultures (Fig. 5.12a), 
12-day-old mantle cultures (Fig. 5.12b), and fresh mantle tissue (Fig. 5.12c). Results 
from heart tissue showed negative signal of the above genes but the positive signal of 
GAPDH (Fig. 5.12d). These results suggested that the SMPs nacrein, MSI7, and 
MSI60 were expressed in the cultured mantle epithelia in vitro, but not in heart 
tissue. 

We further examined the expression of MSI7, MSI60, N19, and N16 in the 
in vitro cultured mantle cells and found that they were retained after 25 days since 
the cell culture initiated. The expression levels increased significantly with a max- 
imum at 7.5 days (Fig. 5.13). Further, nacrein, ACCBP, and Pif80 in the mantle 
culture medium were also detected by Western blot analysis (Fig. 5.14). These 
results indicated that the mantle cells synthesized matrix proteins intracellularly 
and transported to the mineralization front to control crystal nucleation and growth. 
The function of the matrix proteins detected in the culture medium was further 
investigated by in vitro crystallization experiments, which will be described later in 
the text. 


5.5.1.2 Specific Secretion of Nacrein by In Vitro Cells 


A purified recombinant protein N61/217 (20 kDa; Fig. 5.15, lane 1) was used to 
immunize rabbit to obtain polyclonal antibodies against nacrein. The prepared 
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Fig. 5.12 RT-PCR analysis of gene expression in 5-day-old mantle cultures (a), 12-day-old mantle 
cultures (b), mantle tissue (c), and heart tissue (d). Lane 1, MSI7 (156 bp); lane 2, nacrein (484 bp); 


lane 3, MSI60 (354 bp); lane 4, GAPDH (290 bp); negative amplification of MSI7, nacrein, and 
MSI60 from heart tissue (d) 
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Fig. 5.13) mRNA expression levels of SMPs during primary cell culture of mantle. (a) MSI7; (b) 
MSI60; (c) N19; (d) N16 


antibodies were employed for Western blot analysis. A protein band near molecular 
mass of 60 kDa (Fig. 5.15, lane NM) was seen in the immunoblotting of water- 
soluble matrix proteins, consistent with the molecular mass of nacrein [61], indicat- 
ing that the antibodies are specific and can be used for the detection of nacrein. 
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Fig. 5.14 mRNA expression levels and western blot of SMPs during primary cell culture of 
mantle. (a) ACCBP; (b) nacrein; (c) Pif80. Inset in each histogram represents the Western blot 
respectively. Lane 1, control group of uncultured medium; lanes 2—5, cultured medium for 10 days, 
15 days, 20 days, and 25 days, respectively 


Similar bands around 60 kDa were observed in the immunoblotting of the 
extrapallial fluid (Fig. 5.15, lane EPF) and mantle culture medium (Fig. 5.15, lane 
MC) but not in the uncultured medium (Fig. 5.15, lane UC) and heart culture 
medium (Fig. 5.15, lane HC). Due to the high specificity of the antibody, we deduce 
that the detected protein corresponds to nacrein, which can be secreted by the mantle 
epithelial cells in vitro and in vivo. A similar band was also seen in Western blot 
analysis of the medium collected from a 1-month-old mantle explant culture (data 
not shown). 

For further quantitative detection of nacrein, a sandwich ELISA was developed 
for measurement of nacrein. Two recombinant proteins of His-tagged N1 and 
GST-tagged N2 were expressed and purified corresponding for two fragments of 
the nacrein protein, namely, N1 and N2, respectively (Fig. 5.16a, lanes 1, 2). The 
corresponding antibodies (McAb and anti-N2) were produced and checked for 
quality by Western blotting (Fig. 5.16b, lanes 1, 2). The antibodies showed high 
affinity for the natural nacrein of approximately 60 kD [62] and applied for subse- 
quent sandwich ELISA method. Because two extra faint bands were also determined 
in lane 2 of Fig. 5.16b, suggesting that anti-N2 might have immunoreactivity with 
other proteins except nacrein, we carried out immunoaffinity analysis to validate the 
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Fig. 5.15 SDS-PAGE analysis of purified N61/217 (lane 1, arrow indicating 20 kDa) and Western 
blot analysis of uncultured medium (lane UC), medium from heart tissue culture ane HC), medium 
from mantle tissue culture (lane MC), water-soluble matrix proteins (lane NM), and extrapallial 
fluid (lane EPF); M indicates standard proteins; the arrow indicates the band of approximately 
60 kDa 








Fig. 5.16 SDS-PAGE and Western blot analysis. (a) SDS-PAGE analysis of the purified recom- 
binant proteins N1 (lane 1) and N2 (lane 2) with protein markers (Jane m) in kDa. b Western blot 
analysis of natural nacrein by using McAb (lane /) or anti-N2 (lane 2) as primary antibody (arrow 
band of around 60 kDa) and analysis with anti-N2 as primary antibody to determine the eluate of 
extrapallial fluid (lane 3), mantle explant culture medium (/ane 4), and uncultured medium (lane 5) 
from the immunoaffinity column with the ligand of McAb 


specificity of the sandwich ELISA. Western blot results (Fig. 5.16b, lanes 3, 4) 
showed that a single band at around 60 kDa was observed using anti-N2 as a primary 
antibody to identify nacrein in the explant culture medium and extrapallial fluid 
eluted from the immunoaffinity column containing the ligand of McAb. No band 
was observed in the eluate of uncultured medium (Fig. 5.16b, lane 5). These results 
suggested that biotinylated McAb as the detection antibody and anti-N2 as the 
capture antibody were specific for nacrein detection in the developed sandwich 
ELISA, both in vitro and in vivo. The detection limit was 120 pg/ml of natural 
nacrein; the inter- and intra-assay variability of our ELISA were 21% and 6.8%, 
respectively. 
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Viable cells (2 x 10°) from 36%F, 30%F, and 15%F were cultured for 3 days in 
12-well plates containing 0.5 ml culture medium in each well. The cultured medium 
was transferred to the microtiter plate and subjected for ELISA assay. In the cultured 
medium of 36%EF cells, the average concentration of nacrein was 320 pg/ml. The 
nacrein concentrations in the cultured media of the cells from 30%F to 15%F were 
far below the limit of detection in our ELISA method. These results validated that 
cells in 36%F were able to secrete nacrein. 


5.5.1.3 Effect of Ca”* on Nacrein Secretion 


The effect of calcium on nacrein secretion was tested using the 36%F cells 
containing dominant epithelial-like cells. The cells (2 x 10°) were placed in a 
12-well plate adding 0.5 ml culture medium. After a 3-day cultivation, the cell 
viability maintains 90%-—95%. Increased concentration of calcium in the medium 
resulted in increased nacrein production: 11.5 mM and 14 mM Ca** promoted 1.5- 
fold and 1.65-fold higher nacrein production than 2.5 mM Ca**, respectively. 

The cell viability and functionality for biomineralization [9, 15, 21] have been 
successfully maintained in mantle explant culture, although in vitro cellular metab- 
olism of the mantle cell remains to be elucidated to date. The shortage of techniques 
for investigation of cellular metabolism in biomineralization was one of the major 
problems in previous studies. As the critical regulating effectors of shell growth, 
matrix protein secretion by the mantle should be an important marker of in vitro 
cellular metabolism in biomineralization. We first used Western blot analysis to 
verify the presence of nacrein in the culture medium of outer mantle epithelia and 
then developed an ELISA method to measure the amount of nacrein. We used an 
immunochemical method to quantify nacrein secretion rather than by using its 
carbonic anhydrase activity [61]. As shown in our ELISA results, the concentration 
of nacrein in the cultured medium was too low to measure enzyme activity. There- 
fore, the ELISA method should be a sensitive assay in quantitative analysis of 
nacrein and other shell matrix proteins as well. 

During biomineralization process, calcium counts an indispensable element. 
Rousseau et al. [63, 64] have found that the concentration of circulating calcium in 
a 48-month-old P. margaritifera is 12.3 mM, 0.8 mM higher than that in 24-month- 
old animals with 11.5 mM circulating calcium, indicating that the calcium require- 
ment in shell formation increases as the animal grows. Hence, to meet the increasing 
requirement for shell growth, more matrix protein must be produced. Our ELISA 
results show that the increased calcium concentration in the medium stimulates the 
increased nacrein production in a concentration-dependent manner. The stimulation 
of nacrein production by calcium indicates that the oyster might regulate matrix 
protein expression by adjusting the circulating calcium concentration. Furthermore, 
these results suggest that the purified mantle epithelial cells could display detectable 
responses to special regulators in vitro. 

Isolated mantle cells have been showed to be able to secrete some organic matrix, 
such as collagen, proteoglycans, and glycosaminoglycans in vitro [6]. Based on our 
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experiments, we infer that the expression of shell matrix proteins, nacrein, MSI60, 
and MSI7 was retained in in vitro cultured mantle epithelia within at least 12 days 
after culture began. Nacrein in mantle culture media could be detected by Western 
blot analysis and ELISA assay within a month. Results of Western blotting and 
ELISA assay of the mantle culture medium were in agreement with that in the 
extrapallial fluid, which demonstrated that in vitro cultured mantle epithelia could 
synthesize some SMPs similar to the mantle epithelia in vivo. Therefore, this cell 
culture system could be employed for elucidating the regulative mechanism in 
secretion of nacrein and other matrix proteins. 


5.5.2. Control of the CaCO; Precipitation In Vivo and In Vitro 
5.5.2.1 Intracellular Precipitation of ACC in Cultured Mantle Cell 


No deposits were present in the mantle cells cultured in Pf-CM2.5 for 10 days 
(Fig. 5.17a). On the opposite, mineral deposits in irregular or spherical shape were 
observed inside the mantle cells from 15 to 25 days, with the number of deposits 
significant increased during the cell culture period (Fig. 5.17b, c, d). When the 
mantle cells were grown in Pf-C10MS50 containing Ca** and Mg** similar to the EPF 
in concentrations [65], the mineral deposits became larger and abundant (Fig. 5.17e). 
The spot EDS results revealed that the elemental compositions were similar in these 
deposits, containing dominant calcium, oxygen, carbon, and phosphorus, with 
magnesium in small amount (Fig. 5.17h, i); the composition of the cells was mainly 
oxygen and carbon (Fig. 5.17g). The detection of phosphorus in the calcium deposits 
is consistent with the presence ACC phase, as Jacob et al. recently proposed [66]. To 
verify that the calcium deposits were formed de novo, we tested the incorporation of 
Sr into the deposits. When the mantle cells were cultured with Pf-S10 M50 for 
25 days, numerous deposits were seen in the mantle cell (Fig. 5.17f). The spot EDS 
data showed that the deposits contained mainly carbon, phosphorus, strontium, and 
oxygen, with small amounts of calcium and magnesium (Fig. 5.17}). 

To determine the polymorph of intracellular calcium deposits, the powdered cell 
components were analyzed using FTIR and XRD [67]. The FTIR spectrum indicated 
that ACC could be present in the mineral deposits come from the mantle cells 
(Fig. 5.18a). Furthermore, a broad hump spanning between 20u and 40u of 20 was 
found in the XRD profile, which was similar to that of synthetic ACC (Fig. 5.18b). 
This result was consistent with the previous report for the early veliger stages of 
Pinctada fucata [68] but different from our previous study of calcium carbonate 
formed in the mantle explants culture [13]. Usually, amorphous materials do not 
show birefringence under polarized light, surprisingly enough, ACC in mantle was 
birefringent in our study. We supposed that birefringent areas might act as centers of 
mineralization containing amorphous and crystalline material of different ratios [69], 
but the trace of crystalline materials might be omitted due to the detection limit; 
another possibility is that some highly organized structure or special organic 
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Fig. 5.17 Backscatter electron imaging combined with energy-dispersive X-ray spectral analysis 
of the mantle cells [67]. In the backscatter electron (BSE) mode, elements with a higher atomic 
number scatter more electrons (such as calcium and strontium), thus appearing lighter, whereas 
carbon appears black. (a), (b), (c), and (d) SEM-BSE images of cells at 10 days, 15 days, 20 days, 
and 25 days, respectively, in Pf-CM2.5. (e) and (f) SEM- BSE images of cells at 25 days in 
Pf-C10M50 and Pf-S10 M50, respectively; the intracellular crystals are indicated with white 
arrows. (g) Energy-dispersive X-ray spectral (EDS) of the cells in (a), the elemental composition 
of the cells consisted of C and O. The black arrow on the SEM image indicates the sample point of 
the EDS. (h) EDS of the crystals in (b), (c), and (d). The elemental composition of the crystals is C, 
O, Mg, P, and Ca. (i) and EDS of the crystals in (e) and (f), respectively. The elemental composition 
of the crystals is C, O, Mg, P, and Ca in (e) and C, O, Mg, P, Ca, and Sr in (f). The white arrows on 
the SEM image indicate the sample point of the EDS. Scale bars 10 mm 
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compounds in the ACC-containing vesicles may exhibit birefringence. [70] Similar 
results have been reported by Auzoux-Bordenave et al. [71] Moreover, the gene 
expression of ACCBP was relatively high from day 10 to day 25 during cell culture, 
compared with nacrein and Pif80, indicating that ACCBP might be involved in the 
intracellular ACC synthesis because ACC could be stabilized by ACCBP [72]. Fur- 
ther studies are needed to elucidate how ACC transforms into aragonite or calcite in 
shell formation. 

ACC synthesis is an important event not only in shell formation of pearl oyster 
but also other mineralization processes, such as spicule formation. Beniash et al. [73] 
found that in sea urchin embryos, ACC-containing vesicles were present in the 
mineralizing cells and speculated that ACC is transported into the spiculogenic 
compartment when the vesicle membrane fused with the cell membrane of the 
syncytium so that each spicule grows at the expense of ACC. Based on our study, 
we propose that shell formation may begin with ACC formed in the intracellular 
vesicles of the mantle cell, and then ACC is exported to the EPS and subsequently 
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transforms into aragonite or calcite. In other words, shell formation may proceed in a 
cell-mediated manner that crystal nucleation occurs inside the mantle cells and the 
crystallogenic cells continue transporting crystals to the mineralization front. Such 
hypothesis challenges the classical matrix-mediated shell formation mechanism, 
which claim that crystal nucleation and growth take place only in the extrapallial 
fluid with the guide of the self-assembly shell matrix. An ultrastructural study of the 
mantle in the gastropod Haliotis asinina was also compatible with the cell-mediated 
hypothesis [74]. In our previous study, some “imprints” of aragonite were observed, 
together with “shaped” aragonite, and the “imprint” might be the trace that the 
mantle cells had abutted to the inner shell surface [75]. Addadi et al. [76] proposed 
that mantle cells must be juxtaposed to the mineralizing matrix in illustrating how 
shell is being produced. What’s more, oyster shell formation is involved in complex 
assembly of diverse proteins and variant cellular processes, biomineralization, 
suggested by Zhang et al. [77, 78] 


5.5.2.2 CaCO, Deposition in the Mantle Cell Cultured 


Mantle and heart tissue explants were cultured in C10M23.5 medium with Ca** in 
similar concentration to the body fluid of oyster [63]. After 25 days, mineral deposits 
in irregular or spherical shape were observed around the mantle explants (Fig. 5.19a, 
b) and in the cell outgrowth area (Fig. 5.19c) [13]. Spot EDS analysis revealed that 
the elemental compositions of these deposits were quite similar, including large 
amounts of calcium, oxygen, and carbon, together with small amounts of magne- 
sium, phosphorus, nitrogen, and sulfur (Fig. 5.19d). Surprisingly, mineral deposition 
was also present in heart tissue cultures, as showed in the light area (Fig. 5.19e), 
which was clustered by numerous fine grains (magnification in Fig. 5.19f). EDS 
analysis indicated that calcium composition in this light area was higher than that in 
the dark area. In the heart tissue culture, when the concentration of Mg** was 
reduced (media C1OM10 and C10M5), many spherical granules with diameter of 
approximately 2-10 um were observed in the cell outgrowth area after a 25-day 
cultivation (Fig. 5.19g, h). Spot EDS analysis revealed that the elemental composi- 
tion of the granules was similar to the calcium deposits grown in medium C10M23.5 
(Fig. 5.191). 

When the Ca** and Mg** concentrations in the medium were both decreased to 
5 mM, calcium deposits observed in the heart cultures after 25 days (Fig. 5.20a, 
arrow) were significantly less than those generated in the media containing 10 mM 
Ca**. Few deposits were found in heart tissue cultures after a 25-day incubation in 
Pf-CM2.5 medium (Fig. 5.20b). In contrast, many deposits scattered throughout the 
mantle explants (Fig. 5.20c, d) and cell outgrowth region (Fig. 5.20e) after a 15-day 
cultivation with sizes generally no more than 10 pum in length; these deposits 
contained carbon, calcium, and oxygen in major and some minor elements, phos- 
phor, sulfur, magnesium, nitrogen, silicon, and sodium (Fig. 5.20c-—s). In the 
15-day-old mantle cultures, calcium deposition was seen at the tip of some cell 
membrane (Fig. 5.20f). After 45 days, more mineral deposits (5—10 um in length) 
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Fig. 5.19 SEM-BSE imaging calcium deposits in mantle and heart tissue cultures incubated in the 
media with 10 mM Ca”. (a) Calcium deposits in mantle tissue explants incubated in medium 
C10M23.5 for 25 days. (b) Magnified view of the frame shown in (a); the arrowhead indicates 
deposits with irregular morphology. (c) Calcium deposits in the outgrowth area of mantle tissue 
culture; the arrowhead indicates granules with spherical morphology. d X-ray spectrometry of the 
deposits in (b). (e) Calcium deposits in heart explants, shown in the light area. (f) Magnified view of 
the frame in (e); the arrowhead indicates fine grains. (g) and (h) Spherical granules in 25-day-old 
heart tissue cultures incubated in C10M10 and C10M5 media, respectively; the arrowhead indicates 
the spherical granules. (i) X-ray spectrometry of the deposits in g and h. Scale bars in a—c and e-h: 
50, 10, 50, 75, 2, 10, and 20 pm, respectively 


were generated in the explants (Fig. ) and the cell outgrowth area 
(Fig. ), most of which were larger than those deposits in 15-day-old cultures. 
It should be noted that these calcium deposits consisted of many nanograins and 
exhibited nanogranular structure (Fig. ). The elemental composition of these 
deposits was similar to those found in 15-day-old mantle cultures (Fig. , 1S). 

Significant calcium deposits were observed in 25-day-old mantie cultures with 
C10M23.5 medium containing similar concentrations of Ca** and Mg** to the oyster 
body fluid. [63] The deposits were in irregular and spherical morphology, like those 
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Fig. 5.20 SEM-BSE imaging of calcium deposits in heart and mantle cultures incubated in media 
containing low concentration of Ca%*. (a) Small calcium deposit (indicated by arrowhead) found in 
heart explants incubated in C5M5 medium. (b) No deposit found in heart explants incubated in 
Pf-CM2.5 medium. (c-i) Calcium deposits forming in Pf-CM2.5 medium. (c), (d) Calcium deposits 
in 15-day-old mantle explants. (e) Calcium deposits in the cell outgrowth area of 15 day-old mantle 
tissue culture (indicated by arrows). (f) Calcium deposits at the tip of mantle cell membranes 
(indicated by arrow). (g) Calcium deposits in 45-day-old mantle explants (indicated by arrow). (h) 
Magnified view of the frame in (g). (i) Calcium deposit in the cell outgrowth area of a 45-day-old 
mantle tissue culture. (c-s), (h-s) and (i-s) X-ray spectrometry of the deposits in (c), (h), and (i), 
respectively. Scale bars in (a-i): 10, 5, 5, 2, 20, 10, 10, 5, and 5 um, respectively 


described by Samata et al. [15] However, remarkable calcium deposits were also 
observed in heart tissue cultures, clustered by fine grains. When the concentration of 
Mg** reduced, large granules were deposited instead of fine grains, indicating that 
the inhibition of Mg** on calcium carbonate crystallization was weakened 
[79, 80]. It has been proved that amorphous calcium carbonate-binding protein 
(ACCBP) was able to stabilize supersaturated CaCO; solution in vivo by inhibiting 
ACC crystallization thus preventing undesired crystal growth [72]. We deduced that 
safeguards in in vitro tissue cultures were not sufficient as in in vivo situation. 
Therefore, calcium would precipitate when bicarbonate was continued supplying by 
alive cells to increase the saturation of Ca (HCO3).. However, this process would be 
remarkably weakened when the concentration of calcium was reduced. Therefore, in 
heart cultures, calcium deposits were significantly reduced in CSM5 medium 
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compared with mantle tissue culture, and few deposits were observed in Pf-CM2.5 
medium. 

In mantle cultures for Pf-CM2.5 medium, many calcium deposits were observed 
after15 days and became larger after 45 days, suggesting that the deposits gradually 
grew in the culture. The chemical composition was confirmed to be mainly calcium 
carbonate based on EDS results. Composed of smaller granule buildups, the 
nanogranular structure of these deposits displayed the nature of biogenic minerals 
(Fig. 5.20h, i), indicating their biogenic origin. Because nanograined texture is a 
typical feature in calcium carbonate biominerals but not in abiogenic crystals [81 ]. 

Calcium deposits generally located near the adherent mantle explants as well as 
the cell outgrowth area. In some cases, calcium deposits were present between cells 
or at the tip of cell membranes (Fig. 5.20e, f), consistent with the calctum nodules 
grown on the extracellular fibrils network extending from coral calicoblast cells 
[82]. Therefore, we deduced that organic matrixes secreted from mantle epithelia 
might initiate CaCO; nucleation by enriching Ca’* on their surfaces, thus promoting 
calcium deposition in a low-calcium environment. Based on the results of RT-PCR 
and Western blot analysis, we proposed that some matrix proteins present in mantle 
tissue culture, such as nacrein, MSI7, and MSI60, might be involved in calctum 
deposits nucleation and growth. Alternatively, hemocytes located in mantle explants 
might induce crystal nucleation, because hemocytes contain intracellular CaCO; 
granules [17]. 

Our experiments show that mantle tissue cultures could, at least, partially resem- 
ble mantle-mediated shell formation process in vivo. So mantle tissue culture would 
be a useful tool for understanding biomineralization at the cellular level. Our results 
also reveal that the cell culture system containing low concentration of calcium and 
magnesium is more applicable for investigating biological mechanisms in biomin- 
eralization than media with high calcitum/magnesium concentrations, because inor- 
ganic effects on mineralization were remarkably weakened in the former case. 


5.5.2.3 Cultured Mantle Cells Regulate CaCO; Precipitation 


CaCO; crystals grew in neither the gonadal cell culture nor the uncultured cell 
medium, indicating that calcium carbonate does not nucleate in the culture medium 
spontaneously and that normal cellular metabolism does not induce calcium carbon- 
ate crystallization solely. However, numerous crystals were found in the primary 
mantle cell culture and deposited throughout the entire cover slip. We noticed that 
crystals nearest the cell aggregates formed in priority both in size and number. Some 
adjacent crystals fused with each other. 

The primary mantle cells mediating growth of CaCO, crystals is demonstrated in 
Fig. 5.21. Both the size and morphology of the crystal changed over time. Crystals 
were not observed by light microscopy until day 7, and then they grew over time. 
The CaCO, crystals were in polyhedron shape at first with one sharp end 
(Fig. 5.21a). Bright ridges were found on the surface of these crystals and were 
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Fig. 5.21 Crystal growth process in the mantle cell culture [83]. (a) Crystals began to appear after 
7 days. (b) The number of polyhedron-shaped crystals increased after 10 days. (c) The polyhedron- 
shaped crystals became flat after 13 days. (d) Adjacent crystals aggregated after 16 days. (e) Round 
rectangular-shaped crystals appeared after 19 days. (f) Round crystals appeared after 22 days. Scale 
bar (AeF) 100 mm. (Gel) Scanning electron microscopic images of polyhedron-shaped crystals, 
round rectangular-shaped crystals, and round crystals, respectively. Scale bar 4 20 mm. (JeL) 
Energy-dispersive X-ray spectra of the crystals in (Gel); these crystals were composed of Ca, C, and 
O. (MeO) Raman spectrum of the crystals in (Gel); these crystals were all composed of calcite 


only a few microns in length at first but grew to more than 50 um ultimately 
(Fig. 5.21b). The EDS analysis indicated that the crystals were mainly composed 
of calcium, carbon, and oxygen (Fig. 5.21j) and their polymorphs were calcite, as 
Raman spectroscopy showed (Fig. 5.21m). After 13 days, the polyhedron-shaped 
crystals gradually grew into larger crystals with a flatter appearance (Fig. 5.21c) and 
length of 50-100 um. Adjacent crystals began to aggregate together as the time 
passed by (Fig. 5.21d), and the edges in some crystals became round (Fig. 5.21e). 
These crystals were calcite and composed of calcium, carbon, and oxygen 
(Fig. 5.21k, n). Round crystals were found under optical microscope after 22 days 
(Fig. 4.21f). Raman spectroscopy and EDS analysis suggested that the round crystals 
were composed of calcite calcium carbonate (Fig. 5.211, 0). 

The SEM images showed more details about the calcium carbonate crystals 
(Fig. 5.21). Each crystal was piled up by numerous highly ordered tiny pieces, 
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Fig. 5.22 Mantle cell remodeled crystals. (a) The organic frame of the crystals was fragile and was 
cracked. (b) Magnification of the box in (a); little holes were observed on the organic frame. (c) The 
energy-dispersive X-ray spectral (EDS) analysis of the organic frame showed that it contained C, 
O, S, Na, Si, Mg, and Ca. Scale bar (a, b) 4 mm. (d) Crystals with flat and smooth surfaces. Cell-like 
particles attached on to the top of the crystals (arrows). (e) Crystals with a hole inside. (h), (i) 
Scanning electron microscopic (SEM) images of the crystals in (d) and (e). (j) SEM image of crystal 
with a partly etched surface. Scale bar (DeJ) 40 mm. (f) EDS analysis of crystals in (h); the crystals 
were composed of Ca, C, and O. (g) EDS analysis of the cell-like particles in (h) (black arrow); the 
particles were composed of Ca, C, O, and P. (k) EDS analysis of the cell-like particles in (h) (white 
arrow); the cell-like particles were composed of Ca, C, O, P, N, Na, and Si 


which is the characteristics of typical biomineralization product. When treated with 
10% EDTA (pH 8.0) solution, a semi-transparent fragile film containing cracks and 
holes was observed (Fig. 5.22a, b), whose outlines resembled the shapes of the 
corresponding crystals. The EDS results showed that the film consisted of 73% C 
(Fig. 5.22c). Therefore, this film was likely organic framework for mineralization. 

As culture time passed by, the surfaces of some crystals appeared to have been 
reformed by the mantle cells. Fig. 5.22d showed one crystal of such type. These 
crystals had smooth and flat surfaces, very similar to transparent glass disc. The size 
of these crystals was 50—100 um in diameter, larger than the average size of the total 
crystals. Round particles were found on the surfaces of some crystals (Fig. 5.22d, 
arrows) and supposed to be mantle cells. SEM showed that the glass disc-shaped 
crystals also consisted of tiny pieces, and the edges were rough, just like other 
crystals (Fig. 5.22h). Some round particles, adhered on the smooth surfaces of the 
crystals, were 10 pm in diameter, consistent with the mantle cells as previously 
reported [84]. The EDS analysis further confirmed the idea that the two particles 
were mantle cells (Fig. 5.22f, g, k), due to the significant composition ratio of 
phosphorus, which is an important component of cell membrane. 
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The crystals shown in Fig. 5.22e were similar to those polyhedron-shaped crystals 
in Fig. 5.21b, except that they had a small hole inside. These crystals had holes about 
20 ym in diameter on the upper surface and were also piled up with thin sheets. The 
crystal surfaces were partially smooth (Fig. 5.221, arrow). There was another inter- 
esting type of crystal (Fig. 5.22]), which was quite similar to that shown in Fig. 5.211, 
except that it was largely concave. The inner surface of this crystal was relatively 
smooth compared with the outer surface, indicating that it might be remodeled into 
glass disc-shaped crystal. 

Molluskan shell formation is generally considered to be an extracellular process 
mediated by mantle-secreted matrix proteins. However, whether mantle cells 
directly participate in the biomineralization remains unknown. In vitro cultured 
mantle cells have been showed to retain their capacity of secreting matrix proteins 
and mineralization-related enzymes [84]. However, it was showed that no calcium 
carbonate crystals grew in cultured medium without mantle cells. So the substances 
secreted from mantle cells, such as shell matrix proteins and enzymes as well as the 
inorganic ions cannot mediate crystal nucleation and growth solely. 

Crystal nucleation can process intracellularly in biologically controlled mineral- 
ization, such as spicule formation in sea urchin [73]. Mount et al. demonstrated that 
the oyster hemocytes are involved in intracellular crystal formation [17, 85]. In our 
study, CaCO; only precipitated when mantle cells were present, strongly indicating 
that mantle cells directly participate in crystal nucleation process. This finding is in 
accordance with the existence of ACC in mantle cells [84]. ACC is a highly 
amorphous phase and a precursor of aragonite and calcite [69, 86]. We deduced 
that mantle cells intracellularly synthesize and transport ACC to the mineralization 
front, where ACC was transformed into aragonite or calcite later. 

EDTA (10%) is widely employed for mineral dissolving in shell research 
[87]. The semi-transparent film that found after EDTA treatment was probably 
organic matrix providing frames for crystal growth. The mantle is responsible for 
synthesizing matrix proteins which would self-assemble into shell framework 
[85, 88]. So it is reasonable to assume that the mantle cells are the source of the 
framework-forming matrix, leading to more crystals deposited in regions closer to 
the cell aggregates. In addition, the crystals near the cell aggregates were always 
larger than in other area and aggregated gradually as time passed by. This phenom- 
enon may due to the relatively high concentration of matrix protein near the cell 
aggregates. 

All the calcium carbonate deposits in the mantle cell culture were calcite, which 
might ascribe to the region of mantle tissue chosen for cell culture. The mantle tissue 
is divided into the edge, pallial, and center zone [4]. The mantle edge is responsible 
for depositing the prismatic layer, which consists of calcite, whereas the pallial and 
center zone are responsible for forming the nacreous layer, which is composed of 
aragonite [89]. We have previously found that tissues from the mantle edge gener- 
ated more cells; thus, we cultured the tissue from this region to obtain isolated cells 
[83]. These mantle cells mainly secrete matrix proteins that are responsible for the 
formation of calcite, which explains why all the crystals were calcite. 


5.6 Roles of Hemocytes in Shell Formation 551 


The CaCO; crystals that grew in the mantle cell culture were typical products of 
biomineralization [81]. They were all composed of superimposed units, which is 
quite different from pure calcium carbonate formed under inorganic conditions. 
Crystals in such morphology may be the result of cooperation between organic 
matrix and cells. Mantle cells may be involved in the complex assembly and 
modification processes of diverse proteins, leading to the formation of the oyster 
shell [78]. Organic matrix could help control the growth pattern of biominerals 
[90]. The morphology of crystals changed over time in our cell culture. 
Polyhedron-shaped crystals appeared first and gradually transformed into round 
rectangular-shaped crystals. At last, round crystals were present after a 20-day 
culture. The changes in crystal morphology may due to accumulation of different 
matrix proteins or some unknown crystal reconstruction mechanism. 

At the early stage of cell culture, most crystals had rough surfaces but later some 
crystals with smooth facets appeared. The crystals in Fig. 5.22h had a special flat and 
smooth appearance. Mantle cells were found to adhere onto the smooth surfaces of 
these crystals, indicating the participation of mantle cells in the crystal remodeling 
process. The crystals showed in Fig. 5.221, J had partially smooth surfaces, and they 
seemed to be etched. If the etch proceeds, they would likely become the glass disc- 
shaped crystals in Fig. 5.22h. Therefore, these crystals are regarded as “semi- 
finished products.” Crystals remodeled by cells have also been reported by Mount 
et al. [17], who showed that hemocytes in eastern oyster reformed the crystals into 
platelike structures. 

Mount et al. [17] and Xiang et al. [84] both proposed that mantle cells export 
minerals to the mineralization front and remain attaching to the front. We propose 
that mantle cells are directly involved throughout shell formation process, including 
CaCO; nucleation, growth, and remodeling. Our results demonstrate that studying 
shell formation at cellular level using a mantle cell culture is practical and could shed 
light on the cellular regulation of calcium carbonate mineralization. 


5.6 Roles of Hemocytes in Shell Formation 


Shell formation is dominated by mantle tissue in Pinctada fucata. The cells lining on 
the outer epithelium of mantle tissue secrete organic components such as shell matrix 
proteins (SMP) and inorganic ions such as calcium and magnesium into the 
extrapallial spaces (EPS) for CaCO3 precipitation. In addition to this widely recog- 
nized mantle-mediated shell formation theory, biomineralization mediated by hemo- 
cytes was proposed very recently. Mount et al. [17] showed that in the eastern oyster 
Crassostrea virginica, special refractive hemocytes could mediate the mineralization 
process and are responsible for shell damage. These hemocytes carried considerable 
calcium in crystal form and were competent to fulfill the vacancy of the large 
nonexchangeable calcium pool left by mantle tissue. Furthermore, hemocytes bear- 
ing CaCO; crystals or Ca-positive granular contents were also found to participate in 
shell repair in oysters [18] and mussels [91], indicating that hemocytes may play a 
role in shell formation. Besides, hemocytes in some oysters were responsible for part 
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of the SMP secretion [77] and appeal to more studies about the exact role hemocytes 
play in shell formation. 


5.6.1 Identification and Classification of Hemocytes 
5.6.1.1 Morphology of the Hemocytes in P. fucata 


After H&E staining, all the hemocytes looked blue in the cell nucleus and pink in the 
cytoplasm; visual observation characterized differences in the N/C, size, and shape. 
Small, middle, and large-sized hemocytes were observed according to the cell N/C 
and size (Fig. 5.23a, b). Moreover, hemocytes could be grouped into granulocyte, 
small hyalinocyte, and large hyalinocyte, by DIC microscope (Fig. 5.23c, d). With 
no granules in the cytoplasm, hyalinocytes in smaller diameter were round, and those 
in larger diameter looked like nerve cells with many pseudopodia at the cell edges. 
With the cytoplasm packed with granules, granulocytes exhibited an irregular or 
round shape, larger cell size, and smaller N/C and had few pseudopodia extending 
from the cytoplasm edges. 

SEM images of hemocytes revealed three cell types with diameters of 1-3 um, 
3-5 um, and 5-8 um, respectively (Fig. 5.23e, f). These hemocytes exhibited 
differences on the shape of pseudopodia and the cell surface. Those elliptical 
hemocytes with four protrusions on the head and a tail at the bottom were most 
likely to be the small hyalinocytes. These small hyalinocytes were the most abundant 
cell group of the hemocytes. Round hemocytes with small pseudopodia and a 
smooth surface were most likely to be the middle-size hemocytes or large 
hyalinocytes. Other hemocytes, with small pseudopodia and similar diameters to 
large hyalinocytes, were most likely to be granulocytes and had irregular surfaces 
with shallow protrusions. TEM observation was used to further confirm the identi- 
fied three types of hemocytes, large hyalinocytes, small hyalinocytes, and 
granulocytes (Fig. 5.24), based on the cellular contents and organelles. The predom- 
inant hemocytes were small hyalinocytes with large nuclei and scanty cytoplasm. 
The chromatin was condensed in electron-dense granules in the cell nucleus and in 
small clumps near the periphery. Abundant mitochondria, Golgi apparatus, endo- 
plasmic reticulum, and vesicles were found in the cytoplasm (Fig. 5.24a). It should 
be noted that blast-like cells have been observed among the small hyalinocytes, 
having few, if any, membranous organelles and a large nucleus (Fig. 5.24b). The 
large hyalinocytes contained smaller nuclei and denser cytoplasm and were larger in 
diameter. Abundant vesicles and mitochondria could be seen in the cytoplasm, and 
the chromatin in the cell nucleus was highly condensed (Fig. 5.24c). The 
granulocytes generally had small nucleus and contained electron-lucent or 
electron-dense granules and a few vesicles in the cytoplasm. This type of hemocytes 
exhibited an irregular shape and rough cell membrane with various protrusions 
(Fig. 5.24d, e, f). 
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Fig. 5.23 Light micrographs and scanning electron micrographs of hemocytes in P. fucata. (a) and 
(b) light micrographs of hemocytes stained by hematoxylin-eosin; (c) and (d) differential interfer- 
ence contrast light micrographs of hemocytes; (e) and (f) scanning electron micrographs of 
hemocytes. L, large hemocytes; MS, middle-size hemocytes; S, small hemocytes; LH, large 
hyalinocyte; SH, small hyalinocyte; G, granulocyte 
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Fig. 5.24 Transmission electron micrographs of hemocytes in P. fucata. (a) Small hyalinocyte; (b) 
blast-like cell; (c) large hyalinocyte; (DeF) granulocyte. N, nucleus; M, mitochondria; GA, Golgi 
apparatus; V, vesicle; ER, endoplasmic reticulum; EDG, electron-dense granule; ELG, electron- 
lucent granule 


5.6.1.2. Flow Cytometry Analysis 


In flow cytometry, FSC and SSC were commonly employed to determine cell size 
and internal complexity. As shown in Fig. 5.25, three subpopulations were identified 
in hemocytes of Pinctada fucata: small hyalinocytes (R1), large hyalinocytes (R2), 
and granulocytes (R3). R1 counted for 78.23% of the total hemocytes population and 
exhibited the least internal complexity and smallest cell size. R2 (9.32%) and R3 
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Fig. 5.25 Scatter plot (a) and contour map (b) showing the size and internal complexity of 
hemocytes in Pinctada fucata obtained by flow cytometry using forward scatter (FSC) and side 
scatter (SSC). Three subpopulations of hemocytes can be differentiated: small hyalinocytes (R1), 
large hyalinocytes (R2), and granulocytes (R3) 


(12.22%) were similar in cell size but with different particle complexity, and the 
boundary between these two subpopulations was clear. 

There is an ongoing contention about hemocyte classification in bivalve mol- 
lusks, because widely accepted nomenclature criteria are lacking [92—94]. In previ- 
ous studies, two basic types of hemocytes, namely, granulocytes and hyalinocytes, 
have been defined in the Mollusca phylum based on the morphological features 
[95, 96]. More hemocyte types have been defined in some bivalves, such as Cristaria 
plicata [97],, Perna viridis [98], and Chlamys farreri [99], using flow cytometry, 
light microscopy, and electron microscopy. For the hemocytes in marine pearl 
oysters, granulocytes, hyalinocytes, and serous cells were found in Pinctada imbri- 
cate [93] and granulocytes, hyalinocytes, and small agranulocytes were identified in 
Pinctada fucata [100]. The previous research on hemocytes of P. fucata [100] only 
focused on the classification and had no further descriptions of the feature details 
about the hemocytes. In our study, the features of the hemocytes in P. fucata were 
successfully characterized by multiple techniques, and the hemocytes were divided 
into three groups: small hyalinocytes, large hyalinocytes, and granulocytes. Our 
classification results using flow cytometry were consistent with the previous study 
on this species [100]. The differences between the large hyalinocytes and small 
hyalinocytes were N/C ratio, the cell size and the types of organelles. In the small 
hyalinocytes subpopulation, blast-like cells were figured out as a special type of 
small hyalinocytes and similar to the characteristics of undifferentiated cells. The 
blast-like cell has been identified in Ruditapes decussatus, Ruditapes philippinarum, 
[101] and Saccostrea glomerata [102] but was reported in pearl oysters for the 
first time. 

In our study, SEM and TEM not only confirmed the observations from light 
microscopy but also provided additional ultrastructural characteristics of hemocytes 
in P. fucata. Two types of granules (electron-lucent granules and electron-dense) 
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were found in the granulocytes; these granules are the primary immunomodulation 
sites in hemocytes, containing defensive enzymes and antimicrobial compounds 
[93]. A previous study on hemocyte development hypothesized that hyalinocytes 
in bivalves might be the precursor of granulocytes and these two types of hemocytes 
may both originate from undifferentiated cells [103]. In addition, the abundant 
distribution of Golgi apparatuses was related to granule formation and proposed as 
a feature of cell differentiation [104]. However, Golgi apparatuses were widely 
distributed in various types of hemocytes in P. imbricate, suggesting that the 
Golgi apparatuses may not faithfully reflect the development state of hemocytes 
[93]. In our study, Golgi apparatuses were observed in both large and small 
hyalinocytes, supporting the conclusion from P. imbricate. 

The total hemocyte count in Pinctada fucata (4.9 x 10° cells mL” ') was higher 
than in some bivalves, such as Crassostrea gigas (up to 1.6 x 10° cells mL~') [105] 
and Callista chione (1.2 x 10° cells mL~') [92], but lower than that in Scylla 
olivacea (16.2 x 10° cells mL~') [106], Mytilus edulis (5.68 x 10° cells mL!) 
[107], Argopecten irradians (37.5 x 10° cells mL!) [108], and P. viridis (5.54 x 10 
° cells mL~') [98]. In addition, the abundance of granulocytes and hyalinocytes 
varied in different bivalves, as reported by Matozzo et al. [92] In contrast to the pearl 
oyster P. imbricate [93], the number of hyalinocytes in P. fucata was more than 
granulocytes. The differences of THC between these species may be ascribed to 
different environmental conditions. P. fucata are naturally growth in subtidal zone, 
whereas mussels and oysters inhabit in intertidal zone. 


5.6.2 Migration of the Hemocytes in Between the EPS 
and the Circulation System 


5.6.2.1 Comparison of the Hemocytes from the EPS and the Circulation 
System 


Hemocytes in Pinctada fucata have been classified into three cell types: small 
hyalinocytes, large hyalinocytes, and granulocytes [26]. These three types of hemo- 
cytes were also found by light microscope in the EPF. Granulocytes and 
hyalinocytes were prominent in the EPF, accompanied by other minority groups 
such as blast-like cells and huge hyalinocytes in bulliform shape, which was slightly 
different from the hemocytes from hemolymph. The granular contents were 
Ca-positive in the hemocytes of the deep-sea mussel B. azoricus [91] and the 
green ormer H. tuberculata [109], indicating that the granulocytes in Pinctada 
fucata may serve as calcium pool. 
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5.6.2.2. The Hemocytes from the EPS Originate from the Circulation 
System 


The mantle edge of P. fucata had threefolds: inner fold, middle fold, and outer fold 
(Fig. 5.26a). The inner fold faces the mantle cave and the visceral mass, and the outer 
fold faces the inner surface of the shell. Abundant secretory cavities and vesicles 
were observed on the outer surface of the mantle outer fold based on the SEM 
images (Fig. 5.26b—e). However, the secretory cavities were found alone on the outer 
mantle surface of the center zone (Fig. 5.26f), while hemocytes and crystal-like 
structures were also observed in this area (Fig. 5.26g, h). The morphological features 
of the hemocytes observed on the surface of the center zone were consistent with the 
granulocytes in the hemolymph of Pinctada fucata [26]. These hemocytes closely 
contacted with the secretory cavities, indicating that the granulocytes may migrate 
out from the cavities on the surface (Fig. 5.26h). The ultrastructure of the mantle 
inner surface differed from that of the outer surface by the presence of short 
microvilli and hyalinocytes but lacks granulocytes. In the inner fold margin, only 
secretory cavities were found on the inner surface (Fig. 5.26}). On the inner surface 
of the mantle center, there were full of bulges (Fig. 5.26k), where numerous short 
microvilli and small hyalinocytes were found (Fig. 5.261). Granulocytes were not 
found on the inner surface in this area. 

In several bivalves, the secretory cavities are responsible for secreting mucous, 
vesicles, or organic matrices onto the mantle surface, which are supposed to con- 
tribute to water flow, mantle lubrication, and CaCO, crystal deposition 
[110]. CaCO, deposits can be constantly precipitated in these cavities under the 
regulation of organic matrix and after that, the crystals are transported onto the 
surface of the mantle outer fold. This was also the case in the previous study of the 
pearl oyster P. margaritifera, where the granular contents were found in the secre- 
tory cells of the mantle’s outer fold [111]. Our finding was in agreement with this 
conclusion, and crystal-like deposition was detected on the outer mantle surface of 
the central zone in Pinctada fucata. In our study, granulocytes were observed near 
the secretory cavities in P. fucata, suggesting that the hemocytes may be released 
from these cavities. If that’s the case, the origin of the granulocytes in the EPF will be 
clear. In contrast, on the surface of the mantle inner fold, short microvilli and small 
hyalinocytes were present, and the short microvilli are propitious to and breathe air 
filter food by promoting the passage of seawater [112]. More and more evidences 
indicate that it is the granulocytes, not the hyalinocytes, that are responsible for 
CaCO; precipitation in oysters [17, 113—115]. Therefore, the ultrastructure of 
Pinctada fucata mantle reflected the participation of the mantle outer surface in 
shell biomineralization, as well as the involvement of granulocytes. 
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Fig. 5.26 Scanning electron micrographs of mantle in P. fucata. (a): Schematic presentation of the 
mantle and the sampling areas. The black boxes indicate the sampling areas: outer surface of outer 
fold margin (C), outer surface of mantle center (F), inner surface of inner fold margin (J), and inner 
surface of mantle center (L). (b): Outer fold margin and mantle center. The white boxes indicate the 
sampling areas for (C) and (F). Bar one-fourth 650 mm. (c): Magnification of (B). Bar one-fourth 
30 mm. (d) and (e): Magnification of (C). The red and yellow arrows indicate secretory cavity and 
vesicle, respectively. Bar one-fourth 6 mm. (f): Magnification of (B). Bar one-fourth 30 mm. (g): 
Magnification of (F). The red arrow indicates crystals produced by the outer fold. Bar one-fourth 
6 mm. (h): Magnification of (F). The red arrow indicates a granulocyte released from a cavity. Bar 
one-fourth 3 mm. (i): Inner surface of the inner fold margin and mantle center. The white boxes 
indicate the sampling areas for (J) and (K). Bar one-fourth 1 mm. (j): Magnification of (I). The red 
arrow indicates the secretory cavity. Bar one-fourth 6 mm. (k): Magnification of (I). Bar one-fourth 
30 mm. (1): Magnification of (K) showing abundant small hyalinocytes (red arrow) and short 
microvilli (yellow arrow). Bar one-fourth 6 mm (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article) 


5.6.3  Hemocytes Participate in Shell Regeneration 
5.6.3.1 Hemocytes Maintain the Homeostasis in EPF 


Phagocytosis by hemocytes is an important way to clear invaded pathogens in 
mollusks. As shown in Fig. 5.27a—c, many hemocytes containing at least one 
yeast cell in the cytoplasm were seen when the EPS was injected with yeasts. 
Granulocytes were the predominant cell type undergoing phagocytosis, while 


5.6 Roles of Hemocytes in Shell Formation 559 





é 
# 
Pe 


ee 


ee Se 


a 
ae 
oes ee 
"ie | 
Ca a a a 
CE a a 
Cu a 
nmam 
D 
a i 
ss 
E 
(u a 
w 
a a a a 


u a 


Yeasts counted 10” 


Parana a 
xen as 
Pana a" 
ee Vo 
ee CC 
Panata a Pana 
Paaa a 

se am 
See e 


wea 
W ë Be 

el hs 
üü AAE RRE] EE 


öh zh 24h 48h 72h 


is a | 
u 





Time post injection 


Fig. 5.27 Phagocytosis of yeast by hemocytes in EPS. (a) bright field; (b) YFP channel (542 nm); 
(c) merged picture of a and b. Some yeast cells with YFP signal were present inside the hemocytes 
(white arrows). (d) time series of the residual yeast in the EPS. The data represent an average of 
three to five replicates 


hyalinocytes were seldom found to engulf any labeled yeasts. The hemocytes 
underwent active phagocytosis and cleared most of the yeast within 24 h 
(Fig. 5.27d). 

The rich nutrients (proteins and polysaccharides) in the EPF may favor the 
exogenous intruders, such as microbes and fungi to burst. Uncontrolled rapid 
proliferation of microbes in the EPS has led to shell disease or even death in clams 
and oysters [116, 117]. Therefore, hemocytes are critical for maintaining homeosta- 
sis in the EPS to ensure the shell formation process by clean up the intruding 
pathogens. 
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Fig. 5.28 Crystal-bearing granulocytes in the EPS of P. fucata. (a) Micrograph of the transparent 
hyalinocytes and the crystal-bearing granulocytes in different channels, 488 nm for calcein-AM, 
542 nm for Dil, and polar light for the crystal. The signal intensity distribution across the four-leaf 
clover spot was shown on the bottom. (b) merged micrograph of 542 nm and polar light channels. 
(c) and (d), timing diagrams of two migrating granulocytes (G1 and G2), showing the birefringent 
particle within the granulocyte (white arrow head). (c) corresponds to 00: 56 min, and d corresponds 
to 00:58 min in the DeltaVision raw data. Scale bar = 10 um. (e) migrating speed of hyalinocytes 
and granulocytes in the EPS. The results represent the average of six duplicates 


5.6.3.2 Hemocytes Are Calcium Pool for Shell Formation 


A special type of granulocytes was found to carry crystals both in the hemolymph 
and the EPS. In these granulocytes there were numerous vesicles containing high 
concentrations of calcium inside the cytoplasm, compared to the transparent 
hyalinocytes (Fig. 5.28a). Interestingly, some birefringent particles were observed 
in these granulocytes. The polar light signals and peaks of Dil co-localized in the 
same granulocyte (Fig. 5.28b), indicating the birefringent particles located in the 
vesicles. Another characteristic of these granulocytes was the rapid mobility. As 
shown in Fig. 5.28c, d, two granulocytes migrated in between the hyalinocytes at a 
high speed, one of which carried birefringent particles. Their migration speed was 
7.54 m/min on average, while the hyalinocytes barely moved (Fig. 5.28e). 
Crystal-bearing hemocytes were further studied by SEM observations. Crystal- 
like structures in various shapes were found in some hemocytes, and one cell 
contained no more than one crystal (Fig. 5.29a). EDS results showed that the 
crystal-like structures were composed of carbon, calcium, oxygen, silicon, and 
phosphorus (Fig. 5.29b), similar to those of the CaCO; crystal in the surrounding 
(Fig. 5.29c). Phosphorus was detected in all living hemocytes (Fig. 5.29b, d). The 
characteristic peaks of CaCO3 were not found in the hemocytes without crystal-like 
structure (Fig. 5.29d). In Pinctada fucata, cultured mantle cells promoted the 
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Fig. 5.29 Scanning electron microscope-energy-dispersive spectroscopy (SEM-EDS) analyses of 
hemocytes in Pinctada fucata. (a): SEM micrograph of hemocytes. The red arrows indicate the 
hemocytes with crystal-like structures. The white boxes indicate the detection areas for EDS in (B), 
(C), and (D). Bar = 20 um. (b): EDS analysis of the crystal-bearing hemocyte. (c): EDS analysis of 
the CaCO; crystal. (d): EDS analysis of the hemocyte (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article) 


formation of CaCO; crystals in vitro [67, 83] by secreting SMPs into the culture 
medium. In other marine calcifiers, such as the sea urchin Paracentrotus lividus, the 
calcified tissue formation was involved in intracellular mineralized vesicles during 
embryonic development [118]. These results clearly proved the existence of cellular 
regulation in biomineralization in these species. Similarly, there were also suitable 
environments in the hemocytes for CaCOs3 crystallization in shelled mollusks, such 
as the hemocytes of the Crassostrea virginica. In this species, the crystals in 
hemocytes ranged from 0.5 to 1 um in length, which were smaller than what we 
observed in the hemocytes of P. fucata. The crystal shapes in P. fucata were diverse, 
while only hexahedron crystals were observed in C. virginica, which may due to 
species specificity. 

The mechanism of calcium transportation from mantle tissue to the shell miner- 
alization front in shelled mollusks has not been elucidated. Previous studies pro- 
posed two possible transfer pathways. One is vesicle transportation, which 
speculates that the amorphous phase of CaCO; is synthesized in specialized vesicles 
in mantle cells and transported to the mineralization front [119]. The alternative 
hypothesis is matrix transportation, which suggests that organic matrix- or mucus- 
enriching calcium is secreted from mantle cells and transported to the mineralization 
front [72, 91, 114]. What’s more, recent studies highlighted the important roles of 
hemocytes in the calcium transportation process. Mount et al. [17] reported that 
granulocytes transferred and released calcium carbonate crystals to the repairing site 
for shell regeneration [17]. The finding of Ca-positive deposits in the EPS of the 
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deep-sea mussel Bathymodiolus azoricus indicated the mobilization of calcium- 
bearing hemocytes during shell regeneration process [91]. These results demon- 
strated that there might be a hemocyte-mediated pathway for calcium transportation 
in the EPF, although the type of hemocytes that is involved was unclear. Our results 
validated this hypothesis and provided some direct evidences that granulocytes play 
an important role in the calcium transportation. 


5.6.3.3 Gene Expressions in Hemocytes During Shell Regeneration 


To understand the molecular regulation of hemocytes in calcium metabolism during 
shell regeneration, we tested gene expressions of some proteins related to calcifica- 
tion as well as some immune genes after notching stimulation. Generally, oysters 
began to regenerate the shell in several hours [120], and a newly born prism was 
observed as early as 96 h after shell notching in our study. As a result, significant 
upregulation of gene expressions was detected for carbonic anhydrase (62fold), 
calponin-2 (17fold), and calponin-3 (tenfold) after 48 h of notching, and the expres- 
sion levels remained to be very high after 96 h (Fig. 5.30a). Mantle gene 11 and 
calreticulin showed relatively small fluctuations. Besides, some immune genes, 
including ALMP, macroglobulin, and AIF, also revealed significant upregulation 
(Fig. 5.30b). 

Calcium supply counts a critical constraint in CaCO; precipitation. We specu- 
lated that the hemocytes in P. fucata provide a replenishing pathway to the mantle 
tissue for the calcium supply during shell regeneration. Indeed, we found that some 
granulocytes in P. fucata carried vesicles containing concentrated calcium and 
crystals, as showed above. Moreover, gene expressions of some components 
involved in calcium metabolism were upregulated dramatically after shell notch, 
and the response patterns were similar to that of SMPs, such as nacrein, Pf{N44, and 
KRMP in mantle tissues during shell regeneration [120], These results demonstrated 
that hemocytes might accelerate calcium transportation to assist the mantle tissue in 
shell regeneration when stressors were detected. Interestingly, the injurious opera- 
tion also activated some immune genes, such as AIF, galectin, and macroglobulin, 
which play crucial roles during wound repair process in mollusks [121—123]. 

To ascertain the capability of hemocytes in secreting SMP, we determined the 
gene expressions of some important SMPs in mantle and hemocytes, and some 
immune genes were also tested. As shown in Fig. 5.31, the expression levels of most 
tested genes differed remarkably between the two samples. SMPs including MSI31 
and KRMP3 from prism, MSI60 from nacre, and Pif80 and nacrein from both shell 
layers were mainly expressed in mantle tissue, in agreement with previous studies 
[60, 88, 124]. Meanwhile, macroglobulin, mantle gene 11, and SOD were enriched 
in hemocytes. 

Then the question comes up: can hemocytes mediate shell formation indepen- 
dently without the mantle tissues? Because SMPs are indispensable in shell forma- 
tion, hemocytes will not be able to accomplish this job without secreting essential 
SMPs. As a result, most of the SMPs were not present in hemocytes of P. fucata 
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Fig. 5.30 Gene expression of hemocytes in the EPS during shell regeneration. Genes involved in 
immunity (a) and the calcification process (b) were determined by RT-PCR. ALMP, astacin-like 
metalloproteinase; DUOX-2, dual oxidase 2; AIF, allograft inflammatory factor 


based on our proteomics analysis. Although we have found some calcification- 
related proteins in hemocytes [18], these are barely SMPs buried in the oyster shells. 
In addition, the expression levels of all the tested SMPs were extremely low in 
hemocytes (Fig. 5.31). Though mantle gene 11, identified first from mantle, was 
highly expressed in hemocytes, its exact role in shell formation was not known, nor 
is itan SMP present in the shells [125]. Two possibilities might lead to detection of 
individual SMP in the hemocyte proteome. Firstly, trace amount of SMPs from the 
EPF was included in the aggregated hemocytes samples. Indeed, the identified SMPs 
in hemocytes had relatively low scores and abundances. Secondly, hemocytes might 
encapsulate a handful of SMPs when phagocytosing microbes in the EPF, leading to 
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Fig. 5.31 Comparison of some gene expressions between hemocyte in EPS and mantle. Eleven 
genes were selected, including seven genes participating in the calcification process and four 
participating in immune response. The upper and lower panels indicate gene expression levels in 
the mantle were higher or lower than those in the hemocytes, respectively. M, mantle; H, hemo- 
cytes. KRMP-3, lysine-rich matrix protein 3; ACCBP, amorphous calcium carbonate-binding 
protein; HSP70, heat-shock protein 70; SOD, superoxide dismutase 
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be detected by LC-MS/MS. Taking previous studies into account [72], we concluded 
that hemocytes are not the major source of SMPs in P. fucata. So we argued that, 
confined to supply calctum when necessary, hemocytes in oysters were unlikely to 
mediate the shell formation solely, which was slightly different from the previous 
study [17]. Nevertheless, hemocytes could synthesize intracellular CaCO; crystals, 
the molecular mechanism of which may completely differ from that controls the 
extracellular shell deposition. Further studies will be needed to elucidate this inter- 
esting phenomenon. 


5.7 Conclusion 


Shell matrix proteins secreted by mantle tissue in Pinctada fucata self-assembly into 
framework and promote CaCO3 precipitation. Despite the intensive studies on the 
discovery of hundreds of SMPs buried in the calcified shells, the mechanism 
underlying shell and pearls formation did not emerge as expected. Apparently, the 
SMPS do not hold the entire truth. Increasing evidences show that the mantle 
directly and precisely regulates the shell growth throughout the process. 
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One of the main problems in elucidating the cellular regulation is the lack of 
efficient and appropriate tools and techniques of cell biology. To overcome the 
absence of immortal cell lines in bivalves, we established and improved the long- 
term cell culture of mantle tissue to investigate biomineralization. The primary 
cultured cells persisted high viability and capacity to synthesize and secrete SMPs 
as long as 2 months. Calcium carbonates were deposited in the culture of variant 
conditions, partially reproducing in vivo shell mineralization, as showed by our 
experiments. So mantle tissue culture could provide a useful tool for studying shell 
formation at the cellular level. Interestingly, the secreted SMPs in the culture 
medium by the mantle explants could not induce CaCO; precipitation solely, 
indicating the directly involvement of the mantle cells. Furthermore, de novo 
intracellular synthesis of ACC was detected in the cultured mantle cells, suggesting 
that at least part of the CaCO, was nucleated in the cytoplasm and then secreted to 
the mineralization front. However, since the primary cell culture contains a cocktail 
of many cell types, it’s difficult to figure out the exact mineralizing cells. To make 
matters more complex, hemocytes were constitutive cell types in the cell culture, 
because hemocytes run over the whole body. And they were supposed to participate 
in calcium nucleation and transportation. So it’s impossible to clarify the roles of 
mantle cells and hemocytes in the cell culture. 

Since the primary cell culture contains heterogeneous cell types, our results about 
cellular metabolism and regulation in calcium carbonate mineralization represent a 
mixture output of the mineralized tissue. Subculture of proliferating mantle cells 
may provide a solution to obtain relative pure cell type. We have found a prolifer- 
ation hot spot in the mantle tissue of Pinctada fucata. This hot spot locates in the 
center of the mantle pallial. The proliferation rate in mantle tissue decreases from the 
center to the margin. So cell culture of mantle fragments from the hot spot may 
facilitate the proliferation of the cultured cells. 

Hemocytes are the main bodyguards in bivalves and supposed to be involved in 
shell formation. Our results show that hemocytes are crucial for maintaining homeo- 
stasis in the EPS by cleaning up the intruding pathogens, so that the shell formation 
process is ensured. Indeed, incontrollable rapid proliferation of microbes in the EPS 
led to serious shell disease, even death in the clams and oysters [116, 117]. In 
addition, some granulocytes are enriched in calcium and carry CaCO; crystals. Such 
granulocytes were also found in eastern oyster and responded to shell notching 
treatment. It’s reasonable to speculate that, during shell regeneration process, more 
calcium is required to accelerate CaCO 3 mineralization than in normal situation, 
which may be fulfilled by hemocytes. However, as for SMPs secretion, hemocytes 
are incompetent for this primary mission of mineralizing cells. So the role of 
hemocytes in controlling shell formation is second to mantle cells. 

We conclude that mantle cells are likely to participate in the entire shell formation 
process, including nucleation, growth, and reconstruction. Our results demonstrate 
the practicability of studying biomineralization at the cellular level using a primary 
cell culture of mantle tissue and provide evidences that mantle cells participate in the 
calcium carbonate mineralization process. The classical theory on shell formation is 
therefore reaffirmed: the mantle cells directing the shell growth by regulating the 
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ions and SMPs secretion, assisted by hemocytes in maintaining homeostasis in the 
EPS and supplying calcium. 

This work was modified from the papers published by our group in PLoS One 
(Xiang, L., Kong, W., Su, J., Liang, J. & Zhang, G. Amorphous Calcium Carbonate 
Precipitation by Cellular Biomineralization in Mantle Cell Cultures of Pinctada 
fucata (vol 9, e113150, 2014). PLoS One 9, doi: ARTN e116034https://doi.org/10. 
1371/journal.pone.0116034 (2014).), Biochemical and Biophysical Research Com- 
munications (Kong, W., Li, S. G., Xiang, L., Xie, L. P. & Zhang, R. Q. Calcium 
carbonate mineralization mediated by in vitro cultured mantle cells from Pinctada 
fucata. Biochem Bioph Res Co 463, 1053-1058, doi: https://doi.org/10.1016/j.bbre. 
2015.06.057 (2015).), Marine Biotechnology (Gong, N. et al. Characterization of 
calcium deposition and shell matrix protein secretion in primary mantle tissue 
culture from the marine pearl oyster Pinctada fucata. Mar Biotechnol (NY) 10, 
457-465, doi: https://doi.org/10.1007/s10126-008-908 1-1 (2008).), Cell and Tissue 
Research (Gong, N. P. et al. Culture of outer epithelial cells from mantle tissue to 
study shell matrix protein secretion for biomineralization. Cell and Tissue Research 
333, 493-501, doi: https://doi.org/10.1007/s00441-008-0609-5 (2008).), Fish and 
Shellfish Immunology (Li, S. et al. Hemocytes participate in calcium carbonate 
crystal formation, transportation and shell regeneration in the pearl oyster Pinctada 
fucata. Fish Shellfish Immunol 51, 263-270, doi: https://doi.org/10.1016/j.fsi.2016. 
02.027 (2016).), and Marine Biology (Fang, Z., Feng, Q. L., Chi, Y. Z., Xie, L. P. & 
Zhang, R. Q. Investigation of cell proliferation and differentiation in the mantle of 
Pinctada fucata (Bivalve, Mollusca). Marine Biology 153, 745-754, doi: https://doi. 
org/10.1007/s00227-007-0851-5 (2008).). The related contents are reused with the 
permission. 


Supplementary Table 5.1 


Chapter Primer sequence 

5.2.2 MSI7F CTATGGCAAATACGGCGGTG 
MSI7R GTCCATATGGTAATTCCACC 
nacreinF CACTTTGAACCTACACGC 
TATAAGCACATTCCAGGATCC 
MSI60F GAACAATGACTGGAAT GACA 
MSI60R GGAAAGGTATCCAATAACAAC 
GADPH-F GCCGAGTATGTGGTAGAATC 


GADPH-R CACTGTTTT CTGGGTAGCTG 
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Chapter 6 a 
Molecular Regulation Mechanism ae 
of Biomineralization of Pinctada fucata 


Abstract To elucidate the mechanism of biomineralization in Pinctada fucata, 
most of the researchers put their attention on the roles of matrix proteins in shell 
formation. Our group has identified and characterized many essential matrix proteins 
in the regulation of deposition of calcium carbonate crystals in both prism and nacre 
layers, as described in the former chapter. Meanwhile, the regulation of the tran- 
scription, translation and expression of matrix proteins and how these regulatory 
factors mediate the biomineralization have become a hot spot in recent years. In this 
chapter, we mainly assayed RACE to obtain the sequence of the members of 
signaling pathways and the transcriptional factors; real time-qPCR to analyze the 
expression pattern of these factors in different tissues and/or distinct time during 
shell repair and pearl sac; in situ hybridization to find out the expression location of 
specific genes in mantle tissue; luciferase assay and electrophoretic mobility assay 
(EMSA) to clarify the recruitment of transcriptional factors on promoters of matrix 
protein; yeast two hybridization to explore the interactions between different path- 
ways. We demonstrate the function of NF-KB, TGF, Wnt signal pathway, G 
protein-mediated pathway and several transcriptional factors in mediating the bio- 
mineralization in Pinctada fucata. The mechanism of transcriptional regulation can 
give deep sight to the matrix protein expression pattern which enrich the theory of 
bionimeralization in Pinctada fucata. 


Keywords Biomineralization - Signal pathway - Transcriptional factors - 
Transcription mechanism 


6.1 Introduction 


At present, the research on the regulation of biomineralization is mainly focused on 
mammals (humans and mice) and some model animals (Xenopus, zebrafish), with 
the most detailed research on disease-related bone or tooth formation. 

In mammals, multiple signaling pathways have been found to act on the forma- 
tion of bones. TGF-B, BMP, IGF, FGF, Hedgehog, Notch, IL, and Wnt signaling 
pathways and their inhibitory factors have been found to be associated with 
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osteogenesis, and mutations in these genes have been shown to be responsible for 
various bone diseases. The Wnt/B-catenin signal can control cell differentiation, 
proliferation, and survival by influencing the balance between osteoblast and oste- 
oclast differentiation. In the early stage of skeletal development, Wnt/B-catenin 
signal is the key to the transformation of mesenchymal stem cells into osteoblasts. 
Wnt/B-catenin promotes the survival, differentiation, and cartilage ossification of 
chondrocytes in bone growth. Mouse and human body Wnt signal element function 
acquisition and deletion mutation can lead to increased or decreased bone mass. 
Wnt/B-catenin signal inactivation accelerates osteoclast osteoprotegerin (OPG) 
levels and leads to imbalance between bone formation and bone resorption 
[1]. The important function and multifunctional regulation of TGFB/BMP in mam- 
malian development have been widely recognized. TGFB/BMP can specifically pass 
through classical Smad-dependent signal transduction pathways (TGFB/BMP 
ligands, receptors, and Smads) and nonclassical Smad-free signal transduction 
pathways such as p38 mitogen-activated protein kinase (MAPK) signaling pathway. 
Since Smad signaling pathway and p38 MAPK signaling pathway act on Runx2 
gene to induce the differentiation of mesenchymal cells under TGFB/BMP induction, 
Runx2’s synergistic activity and TGF$-/BMP-activated Smads are critical to bone 
formation [2]. 

In invertebrate, such as sea urchins, corals, and bivalve mollusks, the mechanism 
of biomineralization is mainly focused on the clonal identification and functional 
study of matrix proteins. In sea urchins, it is known that SM50 protein can stabilize 
amorphous calcium carbonate (ACC), which can guide the growth of bone needles 
by raising calcium ions while self-assembling the bone matrix to guide the growth of 
bone needles [3], while the matrix proteins SM37 and PM27 also have similar 
mineralization regulation; coral matrix protein CARPs 1-4 can bind calcium ions 
and can be in the pH value of 8.2 and 7.6 in seawater by hydrogenated anion on 
calcium sedimentation interaction in vitro deposition of aragonite [4]. In the bivalve 
mollusks, dozens of matrix proteins have been cloned and identified. Our lab has 
found that in nacreous layer, MSI17, rich of glycine, serves as the framework 
protein, N40 induces aragonite nucleation, and Pf{N23 promotes the formation of 
aragonite crystals. While in prismatic layer, KRMP family controls the crystal form, 
inhibiting the formation of aragonite, and Prisilkin-39 exercises silk protein-like 
function. But little is known about the regulation of these matrix proteins, and there 
is a lack of understanding of the signal regulation network. 

We tried to detect the gene expression of fertilized eggs, trochophore, and 
D-shaped and umbonal stage larvae, as well as juvenile stage through microarray. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway terms are represented 
significantly (q-value < 0.05) between the two consecutive stages. The results of 
KEGG pathway analysis are shown below (Table 6.1): between consecutive stages, 
there are many signaling pathways having fluctuating gene expression. In particular, 
we put our attention on D-shaped stage, in which the first mineralized organism, 
prodissoconch I, appears. Some typical signaling pathways related to osteogenesis in 


6.1 Introduction 577 


Table 6.1 The KEGG pathway enrichment of several signaling pathways 


Gene P Q 
Names value | value 
ko03320://PPAR signaling pathway Jstage vs 40 0.26 0.63 
o 
Ustage vs 41 0.37 0.95 
pee | 
Dstage vs 40 0.40 0.82 
rage | e 
Tstage vs 65 0.15 0.52 
rae [SO 
ko04010://MAPK signaling pathway Jstage vs 79 1.00 
Ustage 
Ustage vs 87 0.98 1.00 
pae S 
Dstage vs 130 0.01 
rome SO e 
Tstage vs 167 0.16 0.52 
rae SO S 
ko04012://ErbB signaling pathway Jstage vs 39 0.70 1.00 
tee | 
Ustage vs 41 0.75 1.00 
pee e S 
Dstage vs 37 1.00 
rome O 
Tstage vs 75 0.11 0.45 
maes S 
ko04013://MAPK signaling pathway—Fly _ | Jstage vs 16 0.48 0.93 
eg | 
Ustage vs 15 0.71 1.00 
pee | 
Dstage vs 14 0.78 1.00 
Tstage 
Tstage vs 23 0.71 1.00 
Fstage 
ko04020://calcium signaling pathway Jstage vs 103 0.14 0.47 
To a 
Ustage vs 91 0.87 1.00 
pee | 
Dstage vs 147 0.00 
me S e 
Tstage vs 150 0.53 0.98 
a 
ko04062://chemokine signaling pathway Jstage vs 54 1.00 
pee | A 
Ustage vs 0.63 1.00 
pee [SO 
Dstage vs 74 0.25 0.66 
Tstage 
Tstage vs 0.98 1.00 
poe O 
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Table 6.1 (continued) 


Names 
ko04115://p53 signaling pathway 


ko04150://mTOR signaling pathway 


ko04310://Wnt signaling pathway 


ko04330://Notch signaling pathway 


ko04340://Hedgehog signaling pathway 


ko04350://TGF-beta signaling pathway 


Gene P 
Stages number value 


6 Molecular Regulation Mechanism of Biomineralization of Pinctada fucata 


Q 


value 


ap er 
Ustage 
Dstage 
e a 
Tstage 
Fstage 


Jstage vs 
Ustage 
Ustage vs 
Dstage 


Tstage 
Fstage 


Jstage vs 
Ustage 


Ustage vs 


amp ee 
Tstage 
Fstage 
Ustage 
mwe ere 
Tstage 
Fstage 
Ustage 
Tstage 
Fstage 
Ustage 
Tstage 
= PS 
Fstage 


Dstage 


Ustage vs 
Dstage 


Ustage vs 
Dstage 


Ustage vs 
Dstage 
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Table 6.1 (continued) 


Names 
ko04370://VEGF signaling pathway 


ko04620://toll-like receptor signaling 
pathway 


ko04621://NOD-like receptor signaling 
pathway 


ko004622://RIG-I-like receptor signaling 
pathway 


ko04630://Jak-STAT signaling pathway 


Gene P 
Stages number value 
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Q 


value 


Ustage 
Dstage 
Tstage 
Fstage 


Jstage vs 
Ustage 
Ustage vs 
Dstage 


Tstage 
Fstage 


Jstage vs 
Ustage 


Ustage vs 


Tstage 

Fstage 

Ustage 

a 

Tstage 

Fstage 

Ustage 

Tstage 

Fstage 

ko04660://T cell receptor signaling pathway 1.00 
Ustage 

Tstage 

Fstage 


Dstage 


Ustage vs 
Dstage 


Ustage vs 
Dstage 


Ustage vs 
Dstage 
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Table 6.1 (continued) 


Names 
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Gene P Q 
Stages number value | value 


ko04662://B cell receptor signaling pathway 1.00 
Ustage 


ko04664://fc epsilon RI signaling pathway 


ko04722://Neurotrophin signaling pathway 


ko04910://Ansulin signaling pathway 


ko04912://GnRH signaling pathway 


Ustage vs 38 0.57 1.00 
page | Pe 

Dstage vs 36 0.67 1.00 

Tstage 

Tstage vs 53 0.82 1.00 

Fstage 


Jstage vs 18 1.00 1.00 
Ustage 
Ustage vs 30 0.74 1.00 
Dstage 


Dstage vs 34 0.38 0.82 
Tstage 
Tstage vs 51 0.39 0.86 
Fstage 


Jstage vs 55 0.92 1.00 
Ustage 
Ustage vs 0.56 1.00 
Dstage 


Dstage vs 0.04 0.22 
Tstage 
Tstage vs 119 0.03 0.18 
Fstage 
Jstage vs 82 0.25 0.62 
Ustage 


Ustage vs 67 0.98 1.00 
Dstage 


Dstage vs 85 0.29 0.73 
Tstage 
Tstage vs 119 1.00 
Fstage 
Jstage vs 0.25 0.62 
Ustage 


Ustage vs 49 0.95 1.00 
Dstage 


Dstage vs 82 0.00 
Tstage 
Tstage vs 100 0.07 0.35 
Fstage 


ko04920://Adipocytokine signaling pathway = ee | 1.00 
Ustage 


Ustage vs 29 0.81 1.00 
Dstage 


Dstage vs 29 0.78 1.00 
Tstage 
Tstage vs 49 0.57 0.98 
Fstage 
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mammals also function in P. fucata, giving evidence that signaling pathways like 
Wnt pathway, TGFP pathway, etc. may regulate the formation of the shell prism or 
nacre layers. 

Besides the signaling pathway, Japanese researchers have predicted the presence 
of multiple transcription factors, including homeobox gene, Tbx, Fox, Ets, HMG, 
NF-«B, bZIP, and C2H2 zinc finger proteins, by gene annotation of transcriptome 
[5, 6] in P. fucata. These transcription factors may play an important regulatory role 
in the expression of matrix proteins in biomineralization. 

Therefore, this chapter sums up the signal pathways and transcription factors 
serving as regulatory elements related to biomineralization of P. fucata, setting up a 
regulatory network toward the nacre formation. 


6.2 Experimental Materials and Methods 


6.2.1 Molecular Cloning of the Promoter from Oyster 


To obtain the promoter regions of the matrix protein genes, genome-walking PCR 
was performed as described by the Genome Walking Kit (Takara, Tokyo, Japan). 
Genomic DNA was isolated from the adductor muscle of pearl oyster using a 
TIANamp Marine Animals DNA Kit (Tiangen, Beijing, China), and the quality of 
the DNA was determined by agarose gel electrophoresis and use of a Nanodrop 
spectrophotometer. Before performing genome-walking PCR, the sequence of the 
partial intron region was verified by semi-nested PCR using KOD polymerase. 
Primers for genome-walking PCR were designed based on the results of the semi- 
nested PCR. The final sequences of the gene promoters were confirmed using KOD 
polymerase. All primers used are listed in Supplementary Table 6.1. The transcrip- 
tion start sites of the promoters were predicted using BDGP software (http://www. 
fruitfly.org/seq_tools/promoter.html). 


6.2.2. Cell Culture and Transient Transfection 


MC3T3-El1 cells and HEK293T cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco BRL) supplemented with 10% fetal bovine 
serum (FBS, HyClone), at 37 °C under humidified 5.0% COs. 

For transient transfection, the cells were plated in 96-well plates at a density of 
2.5 x 10° cells 24 h before transfection, or 60 mm plates at 2-6 x 10° cells/plate, or 
in 6-well at a density of 8.5 x 10° cells. The transfections were mediated by 
Lipofectamine 2000 Transfection Reagent (Invitrogen), Sofastk (Sofast, Xiamen, 
China), or VigoFect (Vigorous Biotechnology, Beijing, China) according to the 
manufacturer’s instructions. To normalize the transfection efficiency, pRL-TK 
(Promega) or renilla was cotransfected as an internal control. 
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For simple transfection, 500 ng plasmid and 5 ng pRL-TK were used for each 
well of a 48-well plate, 0.3 ug plasmid for 96-well plate, and 2 ug plasmids DNA for 
6-well plate. In the meantime, the pEGFP plasmid, as control, was also transiently 
transfected into the cells to evaluate the transfection efficiency. Correct expression of 
each tagged protein was verified by Western blot using the appropriate antibody. 

For cotransfection, 500 ng of recombinant/empty pcDNA3.1(+)-myc expression 
vector, 100 ng of recombinant/empty pGL4.10 luciferase vector, and 2 ng of 
pRL-TK were used for each well of a 48-well plate. Empty pcDNA3.1(+)-myc 
expression vector was used to adjust the total DNA input in dose-effect experiments. 


6.2.3 Luciferase Assay 


Luciferase reporter analysis was performed 36 h after transfection. Cells were 
washed with PBS quickly at room temperature and then lysed using passive lysis 
buffer (Promega). The relative activity of the promoter was determined using the 
Dual-Luciferase Assay System (Promega) according to the manufacturer’s instruc- 
tions and a Varioskan™ Flash multimode reader (Thermo Scientific). 


6.2.4 Electrophoretic Mobility Assay (EMSA) 


HEK-293 T cells were plated on 100 mm dishes and transiently transfected with 
10 pg recombinant pcDNA3.1-myc expression vector. Untransfected cells were 
prepared as a control. After incubation for 36 h, the cells were washed with PBS 
and scraped into microcentrifuge tubes. Nuclear extracts of transfected HEK-293T 
cells were prepared using a total nuclear protein extraction kit (Xinghan) or NE-PER 
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) according to the 
manufacturer’s instructions and stored at —80 °C until use. The protein concentra- 
tions of the nuclear extracts were determined using the bicinchoninic acid method or 
a Pierce™ BCA Protein Assay Kit (Thermo Scientific). 

For probe preparation, complementary oligonucleotides were all 50 end-labeled 
using biotin or using DIG Gel Shift Kit, second Generation (Roche), and then 
annealed to obtain double-stranded oligonucleotides. Unlabeled competitors or 
mutant competitors were also prepared. Details of the oligonucleotides used are 
provided in Supplementary Table 6.1. EMSA was performed using a LightShift™ 
Chemiluminescent EMSA Kit (Thermo Scientific) according to the manufacturer’s 
instructions. Briefly, 5 pg nuclear extract and 20 fmol biotin end-labeled target DNA 
were used per 20 uL binding reaction. For the supershift assay, | uL anti-myc serum 
or | pL polyclonal antibody against transcriptional factors was added to the reaction. 
Final detection of biotin-labeled DNA was performed using a chemiluminescent 
imaging system (Thermo Scientific) and exposure to X-ray film. 
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6.2.5 Yeast Two Hybridization (Y2H) 


For investigating the interaction between two proteins, yeast two-hybrid analysis 
was performed using the Matchmaker GAL4 Two-Hybrid System 3 and Yeast 
Protocols Handbook according to the manufacturer’s instructions (Clontech, 
Japan). Protein A cDNA was amplified using a pair of primers and then subcloned 
into pGADT7 plasmid to construct A-AD fusion genes. Protein B cDNA was 
amplified using a pair of primers and then subcloned into pGBKT7 plasmid to 
construct B-BD fusion genes. Primers used are listed in Supplementary Table 6.1. 
After construction, constructs were independently transformed into the yeast strain 
AH109 and plated on SD/—Leu/X-a-Gal and SD/—His/—Leu and SD/—Trp/ 
X-a-Gal and SD/—His/—Trp, respectively, to verify that they do not activate reporter 
genes. Then, a simultaneous cotransformation of constructs was performed into 
strain AH109 and plated on SD/—Leu/—Trp, SD/—Leu/—Trp/X-a-Gal, and 
SD/—Ade/—His/—Leu/—Trp/X-a-Gal to test their interaction with low and high 
stringency. Cotransformations of pGADT7-T and pGBKT7—53 were used as a 
positive control, and cotransformations of pGADT7-T and pGBKT7-Lam were 
used as a negative control. 


6.2.6 Pearl Sac Selection 


Artificial nuclei were implanted in oysters near the gonad. After implanting the 
nuclei, the pearl sacs were isolated carefully from the gonad tissue every 5 days from 
days 0 to 30, and the samples were stored in liquid nitrogen. Ten oysters were used in 
each treatment group. 


6.2.7. Subcellular Localization in HEK-293T Cells 


HEK-293 T cells plated on cover slips were transfected with gene expression 
vectors. After incubation for 36 h, the cells were washed with PBS and fixed in 
4% paraformaldehyde in PBS for 20 min, washed with PBS again, and 
permeabilized using 0.5% Triton X-100 in PBS for 25 min. For transfection with 
myc epitope expression vectors, the cells were blocked in 2% BSA for 1 h. The cells 
were subsequently incubated with mouse anti-myc serum (dilution 1:60) for 1 h or 
with preimmune mouse serum (dilution 1:60) for 1 h as a control. The cells were then 
washed with PBS and incubated with fluorescein isothiocyanate (FITC)-conjugated 
goat anti-mouse IgG for 1 h. Finally, cells were washed again with PBS, stained with 
40,6-diamidino-2-phenylindole (DAPI) for 25 min in the dark, washed with PBS, 
and mounted and observed using a TCS SP5 confocal microscope (Leica, Heidel- 
berg, Germany). For transfection with GFP fusion expression vectors, cells were 
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stained with DAPI after permeabilization, washed, mounted, and observed as 
described above. All these were performed at room temperature. 


6.2.8 Measurement of Alkaline Phosphatase (ALP) Activity 


After 48 h transfection with the recombination expression plasmids, the NIH3T3 
cells were harvested followed by washing with physiological saline three times. The 
ALP activity was measured by incubation in 0.1 M NaHCO3—Na,CO3 buffer, pH 
10, containing 0.1% Triton X-100, 2 mm MgSQO,, and 6 mm pNPP at 37 °C for 
30 min. The reaction was terminated by adding 1 M NaOH, and the absorbance was 
assayed at 405 nm. The percent changes of the ALP activity with respect to the value 
found in the control were calculated according to the formula: M = value of 
absorbance at 405 nm/value of absorbance at 550 nm. Percent change = [(M of 
the test-M of the control) M of the control] x 100. 


6.2.9 cAMP Assay 


cAMP accumulation in intact cells was assayed as described [7]. The cells were 
plated at a density of 2.5 x 10° per well in 24-well plates and transiently transfected 
with pcDNA4c encoding either wild-type or mutant protein. After 48 h, the cells 
were incubated with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine 
(IBMX; 10 um) for 30 min and stimulated with | pg/ml of cholera toxin (CTX, 
Sigma) that is known to be an activator for Gs, a GTP-binding protein that activates 
adenylyl cyclase (AC), for 2 h. Then the cells were quickly lysed in 6% perchloric 
acid and scraped from the plates. The cAMP content in each sample was determined 
by the 3H-cAMP assay system (Beijing Isotopes, Beijing, China), according to the 
manufacturer’s instructions. 


6.3 NF-KB Pathway 


6.3.1 Introduction 


Nuclear factor-kappa B (NF-«B) was first identified as a binding protein that 
interacted with the specific DNA sequence within the immunoglobulin heavy 
chain and kappa light chain enhancers in B cells. It was also shown that NF-KB 
could be induced by bacterial lipopolysaccharide and active phorbol ester, and the 
process of induction did not require protein synthesis [8]. During the two decades 
since its discovery, Rel/NF-xB has been identified in most cell types, and much 
progress on this subject has been made. It is now known that different kinds of 
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biological factors can induce NF-KB, which then regulates the expression of a wide 
variety of genes that are involved in many cellular processes: ontogeny of the 
immune system, immune and inflammatory responses to pathogens, cell survival 
and apoptosis, oncogenesis, skin physiology and pathology, hemopoiesis, and 
neuronal survival [9—11]. 

All the Rel/NF-«B family proteins share the highly conserved region called Rel 
homology domain (RHD), which is essential in dimerization, nuclear location, and 
DNA binding [12]. As shown in Fig. 6.1, Rel/NF-«B proteins are sequestrated in the 
cytoplasm as homodimers or heterodimers, binding to the inhibitory proteins IkB in 
the majority of cell types. The interactions between the ankyrin repeats of IkB and 
the RHD in Rel/NF-«B dimers inhibit the translocation of Rel/NF-«B proteins to the 
nucleus. However, with the effects of many extracellular stimuli, the serine kinase 
IkB kinase (IKK) is activated [13]. It then catalyzes the phosphorylation, 
ubiquitination, and degradation of IkB proteins, which leads to the translocation of 
the released Rel/NF-«B dimers to the nucleus. The activated Rel/NF-«B proteins 
then bind to DNA and activate gene transcription. 

The focus of most studies has been on the involvement of the NF-«B signaling 
pathway in both vertebrate and invertebrate immunity. However, the NF-«B signal- 
ing pathway was found to not only regulate genes involved in the inflammatory and 
immune responses but also play an important role in bone homeostasis, osteoclast 
differentiation, and vertebrate bone formation [14]. In the process of vertebrate bone 
formation, NF-«B signaling pathway can participate in the formation of osteoclasts 
and intramuscular homeostasis regulation [15]. In mammalian chondrocytes, NF-KB 
binds to the BMP-2 gene promoter xB site in the TGFB pathway and activates its 
expression. In vivo studies have found that P50/P52 knockout mice in the level of 
BMP-2 expression decreased by 80%, indicating that NF-«B signaling pathway 
in the bone growth process plays a critical role in regulation [16]. Therefore, we 
put our focus on the NF-«B pathway to find the mechanism of biomineralization of 
mollusk. 


6.3.2 Pf-Rel: A Rel/Nuclear Factor-kKB Homolog 


We have reported the identification and characterization of a Rel/NF-«KB homolog 
from pearl oyster, P. fucata. A CDNA clone was isolated based on RT-PCR, and 
amino acid sequence analysis was conducted. The complete cDNA sequence of 
Pf-rel including the poly(A) tail is 2737 bp. It contains a 100 bp 5’-untranslated 
sequence, an open reading frame consisting of 1938 bp, a TGA stop, a 688 bp 
3'-untranslated sequence, and a poly(A) tail of 11 nucleotides. The cDNA sequence 
has been submitted to GenBank with the accession number EF121959. The putative 
Pf-Rel sequence consists of the Rel homology domain (RHD), IPT domain of the 
transcription factor NF-kB (IPT-NF«B) domain, nuclear localization signal (NLS), 
and C-terminal transactivation domain (TD). The RHD and IPT-NF«B domains, 
which are two characteristic domains in Rel/NF-«B family proteins, function in 
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Fig. 6.1 The model of Q 
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DNA binding, dimerization, and ankyrin protein binding. The putative Pf-Rel 
sequence shows high similarity in the two conserved domains with other Rel/NF-«B 
proteins. Nevertheless, the TD, which is essential in the transactivating ability of 
Rel/NF-«B, shows no similarity with known proteins. The TD of Pf-Rel is also rich 
in serine, one characteristic of this domain (Fig. 6.2). 

The gene expression analyses help to investigate the pattern and location of Pf-rel 
expression. As expected, mRNA of Pf-rel was expressed in all the tissues studied 
(also including hemocytes, Fig. 6.3), which is the case for most of the Rel/NF-«B 
family proteins. This expression pattern suggests the involvement of Pf-Rel in 
diverse cellular processes. To investigate the precise expression site of the Pf-rel 
gene, in situ hybridization was carried out (Fig. 6.4). Strong hybridization signals 
were detected in the outer epithelial cells of the middle fold near the base of the 
periostracal groove and the inner epithelial cells of the outer fold. In the previous 
studies, the two sorts of cells were considered to be involved in the formation of the 
prismatic layer and periostracum. Pf-Rel might function in these processes. 

In conclusion, a putative NF-KB homolog Pf-Rel was identified from pearl oyster, 
P. fucata, and it was expressed ubiquitously. Further structural and functional 
investigations could help to understand the involvement of the NF-«B signaling 
pathway in mollusk immunity and biomineralization. 
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Fig. 6.2 Amino acid sequence analysis of Pinctada fucata Rel (Pf-Rel), a cDNA clone encoding 
transcription factor Rel/nuclear factor-kB homolog 
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Fig. 6.3 Reverse transcription—polymerase chain reaction for analysis of Pf-rel gene expression in 
four tissues from P. fucata. 1, Negative control; 2, mantle; 3, gill; 4, adductor muscle; 5, gonad. The 
housekeeping gene encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was included 
as a positive control 


6.3.3 Pf-IKK: The [kB Kinase Homolog in P. fucata 


We present the isolation of a pearl oyster homolog of mammalian IKK-a. As shown 
in Fig. 6.5, the complete cDNA sequence is 2546 bp long. It contains a 173-base 
50-untranslated sequence, an ORF consisting of 2214 bp, a TGA stop, and a 
159-base 30-untranslated sequence. This cDNA sequence has been submitted to 
GenBank with the accession number AY818355. The ORF of this cDNA clone 
encodes a protein consisting of 737 amino acid residues, composed of an amino- 
terminal kinase domain (KD), a leucine zipper amphipathic a-helix (LZ), and a 
helix—loop—helix (HLH) motif, which is similar to IKK proteins from other organ- 
isms. We also demonstrated that the ability of Pf-IKK activated NF-«B-dependent 
reporter gene expression in a dose-dependent manner, and the activation was 
induced through IKK/IkB/NF-«B cascade (Fig. 6.5). Transfected by 4 mg Pf-IKK 
recombinant plasmid, the luciferase activity increases more than 20-fold compared 
to the control vector (Fig. 6.6a) and was decreased sharply by 100 mm pyrrolidine 
dithiocarbamate (PDTC). A specific NF-kB DNA-binding activity was determined 
as shown in Fig. 6.6b, which appears to be increased in Pf-IKK transient expression 
cells. Pf-[KK-induced nuclear accumulation of NF-«B was also inhibited by PDTC. 
The fact that the NF-«B signaling system is present in both vertebrates and inver- 
tebrates (such as arthropods and mollusks) indicates that it is an ancient signaling 
system that originated prior to the deuterostome—protostome divergence. 

The involvement of NF-«B in the expression of numerous cytokines and adhesion 
molecules has supported its role as an evolutionarily conserved coordinating element 
in organism’s response to situations of infection, stress, and injury. Being stimulated 
by LPS, IkBa degradation was detected in hemocytes, suggesting that a similar 
cascade may exist in mollusks. In order to better understand the biological roles of 
Pf-IKK, we analyzed the gene expression pattern (Fig. 6.7). Expression analysis 
demonstrated that Pf-IKK mRNAs were present in all pearl oyster tissues studied, 
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Fig. 6.4 Detection of Pf-rel mRNA distribution in the mantle of Pinctada fucata by in situ 
hybridization. A frozen section stained with a sense probe was used as the control (left frame). 
Strong hybridization signals are indicated by arrows (right frame). /F Inner fold, MF Middle fold, 
OF Outer fold, PG Periostracal groove. Bar = 0.5 mm 
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4 297 S17 540 598 639 
PT-IKK ITIHRDLEPENVVL 148 pVCTIs 177 MDWSFL 731 
Cre-IKK IIHRDLKPENIVL 151 SMCTS 179 MDWSFL 724 
Dar-IKK-1 LIHRDLEPENIVL 153 SLCTS 181 ODWSWT 746 
Xet-CHUK ITIHRDLKPENIVL 152 pLCTS 180 LDFSWL 741 
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Fig. 6.5 Primary structure of pearl oyster Pf-IKK. (a) Motifs and domain structure of Pf-IKK. (b) 
Comparison of the amino acid sequences of the conserved motifs. Numbers indicate positions of the 
amino acid residues of each sequence. Pf-IKK, P. fucata I-kappa-B kinase (GenBank, AY818355); 
Crg-IKK, Crassostrea gigas IkB kinase (GenBank, AF051320); Dar-IKK-1, Danio rerio IkB 
kinase subunit I (GenBank, XM_686926); Xet-CHUK, Xenopus tropicalis conserved helix—loop— 
helix ubiquitous kinase (GenBank, genbank:NM_001016900); Mum-IKK-a, Mus musculus IkB 
kinase subunit alpha (GenBank, genbank:MMU12473); Gag-CHUK, Gallus gallus conserved 
helix-loop-helix ubiquitous kinase (GenBank, genbank:NM_001012904) 


suggesting that Pf-IKK was ubiquitously expressed, which strongly implicates their 
role in numerous physiological processes. Being like that for oyster and abalone 
NF-kB pathway elements, Pf-IKK was equally expressed in challenged and 
unchallenged pearl oysters suggesting that transcription control plays minor role in 
regulating the expression of Pf-IKK. 
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Fig. 6.6 Pf-IKK stimulated the expression of NF-kB-controlled luciferase reporter gene. (a) 
NIH3T3 cells were transiently cotransfected with pNFkB-TA-Luc reporter gene plasmid and 
pcDNA4/HisMax/lacZ, together with the variable amounts of ppDNA4/HisMax A/Pf-IKK vector. 
PcDNA4/HisMax A was used as controls. After 24 h, the cells were treated by 100 mm PDTC 
(or untreated) and incubated for another 24 h. Luciferase activity was normalized according to the 
level of -galactosidase expression. Data are means and standard errors of five independent 
experiments. Asterisks denote significant (*for P < 0.05) differences from the control samples. 
(b) Electrophoretic mobility shift assays were carried out with nuclear extracts prepared from 
NIH3T3 cells. The nuclear extracts from untransfected cells used as control 
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In mammals, the inducible transcription factor NF-«B not only regulates gene 
expression during inflammatory and immune responses [17] but also is important for 
bone homeostasis and osteoclast differentiation [18]. The shells of mollusks are 
favored objects for the study of biomineralization of bones. Mollusk hemocytes are 
phagocytic cells involved in many functions, including wound healing, shell repair, 
as well as internal defense, which implied their potential role in biomineralization. 
Since NF-«B signal pathway is evolutionarily conserved in vertebrates and inverte- 
brates, it gets twice the result with half the effort to study the counterpart function of 
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NF-«B pathway in mollusks. To investigate whether the Pf-IKK functions as its 
mammalian counterparts, we analyzed the affection of Pf-IKK on the expression of 
genes involved in immune response and bone homeostasis. ALP is considered to be 
one of the first markers of the osteoblastic phenotype (Fig. 6.8). In this study, 
NIH3T3 cells transfected with Pf-IKK showed significant increase in ALP activity, 
suggesting that some NF-«B target genes may be regulated by activation of NF-KB 
pathway, which leads to the differentiation of fibroblast cells into “osteoblast-like”’ 
cells. 

In conclusion, we have characterized the first NF-kB pathway element from pearl 
oyster P. fucata, the expression of which is ubiquitous. We also studied the function 
of Pf-IKK in NIH3T3 cells by a transient transfection strategy. Current investiga- 
tions should focus on the cloning and characterization of other members of NF-«B 
signaling cascade and genes controlled by this signaling pathway. To better under- 
stand the involvement of NF-«B in pearl oyster shell formation processes and 
defense mechanism, it would be interesting to follow Pf-IKK and other NF-KB 
members’ expression during P. fucata development processes as well as the shell 
damage in adults. 
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Fig. 6.8 The effect of 
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6.3.4 NF-kB Signaling Regulates the Transcription 
of Nacrein 


As mentioned above, we found that Pf-IKK activated the expression of NF-«B- 
controlled reporter genes and induced NF-«B translocation. Sequence analysis of 
Pf-Rel shows that it shares high similarity with other Rel/NF-«B family proteins, 
especially within conserved domains. A conserved degradation motif and six 
ankyrin repeats were identified in the poIkB, which shares significant homology 
with other IkB proteins [19]. Here, we have shown that the NF-«B signaling pathway 
exists and functions to regulate nacrein, an important matrix protein capable of 
regulating the formation of oyster shells [20], transcription in P. fucata. 

An in silico analysis of the nacrein promoter sequence identified two possible 
NF-«B binding sites between nucleotides 429-438 and 882-891. We were able to 
confirm that the NF-«B signaling pathway could regulate the activity of the nacrein 
promoter in P. fucata by cotransfection PGL3-Nacrein and pcDNA4.0A/Pf-IKK or 
pcDNA4.0A/Pf-Rel (Fig. 6.9). Expression of both of these proteins promoted 
nacrein transcription, while the NF-«B inhibitor PDTC inhibited nacrein transcrip- 
tion (Fig. 6.10). 
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Fig. 6.9 Pf-Rel could bind to the promoter of nacrein (EMSA). Nuclear proteins extracted from the 
gills of P. fucata were incubated with oligonucleotide probes labeled with DIG-ddNTP to perform 
EMSAs. Lane 1: labeled DNA probes, nuclear protein, and antibody of Pf-Rel. Lane 2: labeled 
DNA probes and nuclear protein. Lane 3: labeled DNA probes. Lane 4: unlabeled DNA probes and 
nuclear protein. Lane 5: positive control. Band a: free DNA. Band b: DNA and Pf-Rel. Band c: 
DNA, Pf-Rel, and antibody of Pf-Rel. Band d: DNA, Pf-Rel, and other interactive nuclear proteins. 
Band e: positive control band. Compared to lane 2, there is a super shift after Pf-Rel antibody was 
added in lane 1, suggesting that Pf-Rel present in the total nuclear protein extracts is capable of 
binding to the nacrein promoter probes 
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Fig. 6.10 PDTC inhibits the nacrein promoter activity. Equal amounts of pGL3-Nacrein luciferase 
and pcDNA4.0A/Pf-IKK plasmids were cotransfected into HeLa cells that were 24 h previously 
treated with increasing concentrations of PDTC (0, 25 um, 50 pm, 100 pm, and 200 pm). 0.5 ng of 
Renilla was used as an internal reference. Each reaction was repeated in triplicate. Increasing 
amounts of PDTC lead to a decrease in luciferase activity, suggesting a decrease in nacrein 
promoter activity. Significant differences were identified by one-way ANOVA. The symbol “*” 
indicates a significant reduction (P < 0.05), compared to the control 
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Fig. 6.11 Pf-Rel knockdown decreased the nacrein gene expression level. The expression levels of 
nacrein (gray columns) and Pf-Rel mRNA (black columns) in oyster mantle were measured by real- 
time PCR, 3 or 6 days after injection of Pf-Rel dsRNA. cm: NaCl control solution. Both nacrein and 
Pf-Rel mRNA expression levels in controls are attributed a relative value of 1.0. tm-3-15 and tm-6- 
15: samples injected with 15 ng Pif-Rel dsRNA 3 or 6 days, respectively. The expression levels of 
nacrein slightly decreased after dsRNA injection, compared to the control group. Six days after 
injection, the expression level of both Pf-Rel and nacrein was suppressed by nearly 50%. Significant 
difference was identified by one-way ANOVA. The symbol**“indicates a significant reduction 
(P < 0.05), compared to control oysters 


Although NF-«B signaling is able to regulate the nacrein promoter, we were not 
sure whether this pathway could regulate the expression level of nacrein. Real-time 
quantitative PCR results (Fig. 6.11) showed that mRNA transcription of nacrein is 
depressed when Pf-Rel mRNA is partially silenced, suggesting that Pf-Rel indeed is 
involved in regulating nacrein transcription. In conclusion, we have shown how the 
important NF-«B signaling pathway protein Pf-Rel regulates the transcription of 
nacrein. 

The NF-«B signaling pathway has been extensively studied in mammals. Here, 
we focused on the effect of one component of NF-«B signaling in regulating nacrein 
transcription in pearl oysters. In the future, it will be interesting to investigate if an 
interaction exists between the different NF-KB signaling components Pf-IKK, 
polkB, and Pf-Rel. Because of a lack of mollusk cell lines, transfection experiments 
have to be performed on mammalian cells instead. It would be interesting to confirm 
these results experimentally within primary cell cultures of oyster tissue. 


6.4 TGFB Signaling Pathway 


6.4.1 Introduction 


The transforming growth factor beta (TGF6) superfamily has a wide range of 
frequently different effects in different cells and tissues, of which the members 
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include TGFs, bone morphogenetic proteins (BMPs), activins and inhibins, growth 
differentiation factor, nodal, decapentaplegic (dpp), and glial cell line-derived 
neurotrophic factor. TGFB superfamily members are involved in controlling a 
variety of physiological and disease processes of vertebrates and invertebrates 
including cell proliferation, differentiation, fibrosis, and apoptosis. They also play 
important roles in the specification of developmental fate during embryogenesis and 
in mature tissues, extracellular matrix synthesis, bone formation and rebuilding, 
angiogenesis, immunoregulation, and hormone function [21 ]. 

The ligands, receptors, and the regulators in TGF signaling pathway interact 
with each other to set a regulation network as follows. After the soluble ligand (like 
BMP2) binding to the type I receptor, the ligand—type II receptor (TRII) complex 
interacts with GS box of type I receptors (TRI), inducing the formation of the 
heterologous tetramer. Phosphorylated to activate, the tetramer complex in turn 
phosphorylates the downward receptor-regulated Smads (R-Smads, Smad1, 5, 8). 
And then R-Smad combines with the common Smads (Co-Smads) to form smad 
protein complex, which moves into the cell nucleus to regulate the transcription of 
target genes directly or cooperate with transcriptional factors [22]. 

In contrast to abundant findings in vertebrates, we have limited knowledge on the 
roles of members of TGF family in mollusk biomineralization. Although related 
studies have successfully cloned and characterized BMPR1, TGFR1, ACVRI, 
ACVRII, and ALR1 in the Pacific oyster C. gigas [23—26] and TGFR1 in the scallop 
Chlamys farreri [27], there was no direct evidence to support their roles in the 
biomineralization process. Therefore, it is largely needed to perform detailed inves- 
tigation in shelled mollusks to supply reliable data for the involvement of TGF 
signaling pathway in shell biomineralization (Fig. 6.12). 
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Fig. 6.12 The transforming growth factor B (TGF-B)/SMAD pathway [28] 
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6.4.2 The Receptors of the Pathway 
6.4.2.1 PfALRI1: An Activin-Like Receptor 1 Homolog 


In a classical TGF-B signal pathway, the ligand first binds to its type I cell surface 
transmembrane receptor, leading to the recruitment, phosphorylation, and activation 
of its type I activin receptor. Then, the activated receptor complex transiently 
interacts with downstream factors. Therefore, it is of great scientific value to identify 
as many other TGF signaling receptors in oysters as possible. 

Here we report a cDNA encoding an activin-like receptor 1 homolog (designated 
as Pf-ALR1) cloned from the oyster, P. fucata. A 2289 bp sequence contains an 
1641 bp open reading frame that encodes a 547-amino acid protein, a 628 bp 
3'-untranslated sequence, and a poly(A) tail of 9 nucleotides. The cDNA sequence 
has been submitted to GenBank with the accession number GQ280384. Its deduced 
amino acid sequence has over 60% similarity with vertebrate activin A type I 
receptors in their conserved regions. A putative signal peptide cleavage site is 
predicted between amino acids 17 and 18. The cleavage would release a 529 residue 
mature peptide. Pf-ALR1 comprises an extracellular domain (residues 18-147) that 
contains 9 cysteine residues that align in all serine—threonine kinases. In addition, a 
potential extracellular glycosylation site is predicted at residues 61. Hydrophobicity 
plots reveal a potential transmembrane segment between amino acids 148 and 181. 
The intracellular region is characterized by a serine/threonine kinase domain in 
which phosphorable serines [29] may be present at positions 207 and 216. An 
ATP-binding site (GKGRYG) between residues 244 and 249 is predicted 
[30]. Immediately preceding the protein kinase domain is the SGSGSG signature 
(residues 219-224), a unique feature of TGF-b superfamily type I receptors [31]. Fol- 
lowing this is a GS box, a leucine—proline motif [32]. The cytoplasmic domain also 
comprises several other motifs such as EIV/F, RIKKTL, and GRNNK boxes that 
have been previously reported as hallmarks of all serine/threonine type I receptors 
[33]. More importantly, the Pf-ALR1 also consists of many characteristic motifs that 
are considered as hallmarks of activin type I receptors [30]. Usually, the L45 loop in 
a type I receptor kinase domain specifies the receptor-regulated Smads (R-Smad) 
interaction [34]. The L45 loop kinase domain of Pf-ALR1 is very similar to the L45 
loops that are specific to the receptors such as ALK (activin receptor-like kinase) 
1, ALK2, and Sax but different from the two kinds of L45 loops for TGFB and BMP 
receptor groups. Therefore, we hypothesize that Pf-ALR1 may play similar functions 
as ALKI and ALK2. It was reported that an activin receptor fusion protein showed 
promise as an anabolic agent in early human trials on new drug targets for osteopo- 
rosis [35]. It indicates that activin receptor could be developed as a reagent to adjust 
the biomineralisation process in oysters (Fig. 6.13). 

To figure out the distribution of the Pf-ALR1I mRNA expression in the oyster, 
semiquantitative reverse transcription—polymerase chain reactions with the cDNA 
templates of the different tissues of the oyster were conducted. The mRNA for 
Pf-ALRI is expressed in all the seven tissues analyzed (Fig. 6.14), which suggest 
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Fig. 6.13 Schematic representation of Pf-ALR1 


that the Pf-ALR1 gene is ubiquitously expressed in adult P. fucata. Moreover, the 
mRNA expression levels of Pf-ALR1 in the gonad, the mantle, the viscera, and the 
hemocytes of the oyster are much higher, which indicates Pf-ALR1 may play 
important roles mainly in those tissues. 

In situ hybridization was carried out to locate the precise site of Pf-Smad3 mRNA 
expression in the mantle (as shown in Fig. 6.15). Slight signals were detected in the 
outer epithelial cells of the middle fold as well as the inner epithelial cells of the outer 
fold of the mantle. These expression locations had overlapping areas with Pf-Smad3 
and some matrix proteins in the oyster. It suggests Pf-ALR1 may also play important 
roles in primastic layer and periostracum formation. 

To detect the response of Pf-ALR1 in the shell regeneration process, the mRNA 
expression level of Pf-ALRI was assayed at each time point after shell repair was 
induced. As shown in Fig. 6.16, the mRNA expression level of Pf-ALR1 is remark- 
ably increased near the moment when the shell is notched. Then, the mRNA level of 
Pf-ALR1 decreases gradually, while the Pf-Smad3 mRNA level increases gradually. 
At 12 h after shell notching, the Pf-ALR1I mRNA decreases to a very low level, and 
the Pf-Smad3 mRNA reaches a high peak. After that, the Pf-ALR1 and Pf-Smad3 
mRNA levels increase to their high expression levels at 24 h and decrease again to 
their lowest levels at 36 h after the shell notching. The mRNA levels of Pf-ALR1 and 
Pf-Smad3 return to their high level again at 48 h after the shell notching. These 
results indicate that Pf-ALR1 and Pf-Smad3 mRNA levels changed quickly after 
shell injury. The change tendency of the Pf-ALR1 is opposite to Pf-Smad3 during 
the first 12 h after shell notching. According to the report by Finnson that ALK1 
opposes ALK5/Smad3 signaling and expression of extracellular matrix components 
in human chondrocytes [36], we suggest that Pf-ALR1 might repress the Pf-Smad3 
expression during the initial shell repair. The relationship between the expressions of 
these two genes in the oyster needs to be deeply investigated. 


6.4 TGF6 Signaling Pathway 597 


Fig. 6.14 (a) RT-PCR for a 
analysis of Pf-ALR1 gene Pf-ALR1 cl — 319bp 
expression in seven tissues — ae m 

from Pinctada fucata. 

1, negative control; 

2, gonad; 3, gill; 4, foot; 

5, mantle; 6, adductor 
muscle; 7, viscera; 

8, hemocytes (done 
separately). The 
housekeeping gene 
encoding glyceraldehyde 
3-phosphate dehydrogenase 
(GAPDH) was included as a 
positive control. (b) Relative 
expression of Pf-ALR1 
mRNA in tissues of the pearl 
oyster. 1, Gonad; 2, gill; 

3, foot; 4, mantle; 

5, adductor muscle; 

6, viscera; 7, hemocytes 





O 


; 


Relative gene expression 





It has been reported that dexamethasone (DXM) and hydrogen peroxide (H202) 
can be employed to adjust the Smad3 expression levels in mammal cells 
[37, 38]. Thereby, DXM or H,O, was added to the culture medium of the in vitro 
cultured oyster mantle tissue cells. Then, real-time quantitative PCR was conducted. 
The results show that the mRNA levels of Pf-Smad3, Pf-ALR1, and the two oyster 
NF-«B members, Pf-Rel and Pf-IKK, are all changed and correlated. Taken together, 
Pf-ALR1 is a pivotal TGFB member in the oyster. It correlates with the Pf-Smad3. 
They would play important roles in many physiological processes. 

All our observations suggest that there should be similar TGF signal pathways in 
the oyster and vertebrate. However, the potential functions Pf-ALRI has and the 
relations of TGFB and NF-KB members in the oyster all need to be thoroughly 
investigated. 


6.4.2.2 PfBMPRIB: One Type I Receptor in BMP Pathway 


The BMPs, one of the largest subfamilies of TGF superfamily, play the indelible 
roles in the formation, differentiation, and development of cartilage and bones 
[39]. BMPR1B, bone morphogenetic protein receptor type 1b, is the type I serine/ 
threonine receptor of the BMP signal pathway which cannot function without the 
help of the type II receptors. The Bmpr1b receptor abides by the typical route of the 
TGFB signal pathway. After the soluble ligand binding to the type II receptor, the 
ligand-type II receptor (TRII) complex interact with GS box of type I receptors 
(TRI), inducing the formation of the heterologous tetramer. Phosphorylated to 
activate, the tetramer complex in turn phosphorylates the downward receptor- 
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Fig. 6.15 Detection of Pf-ALR1I mRNA distribution in the mantle by in situ hybridization. A 
frozen section stained with a sense probe was used as the control (frame a). Slight hybridization 
signals are indicated by arrows (frames b and c). ZF Inner fold, MF Middle fold, OF Outer fold, PG 
Periostracal groove. Bar = 500 um 


regulated Smads. And then R-Smad combines with the common Smads to form 
smad protein complex, which moves into the cell nucleus to regulate the transcrip- 
tion of target genes directly or cooperate with transcriptional factors [22]. The 
BMPRIB gene has been widely studied that transforms of BMPRIB prove the 
ovulation rate with the precocious development of a large number of small antral 
follicles in the Booroola animals [40]. However, researchers have become increas- 
ingly interested in the BMP signal pathway roles in chondrogenesis and osteogen- 
esis. The findings suggest that the disruption of BMPRIB reduced the 
prechondrogenic cells and chondrocyte differentiation in the phalangeal region of 
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mice limb [41]. Overall, the BMPR1B may mainly account for the development of 
gonad and the formation of the bones. 

Pf-BMPRIB gene was identified with a full-length 1925 bp including a single 
long ORF of 1602 bp encoding a 533 aa protein, with a 22 bp 5’ UTR and a 301 bp 3’ 
UTR. The Bmpr1b protein has a 28aa long signal peptide, which also demonstrates 
that this certain protein is a kind of secretary protein. As a receptor loading on the 
cell membrane, Bmprlb protein has a transmembrane region of site 138—160. 
Meanwhile the intracellular region ranging from 161 to 533 has much more phos- 
phorylation sites than BAMBI, which is the specific characteristics of the BMP 
signal pathway type I receptors. The serine and threonine predictions are circled in 
Fig. 1, and the protein kinase domain exists in 213-507. GS domain, the feature of 
the type I receptors, is characterize in the range of 181-212. 

Besides the understanding of the sequence information, the functions of certain 
gene wait to be explored, from which we investigated the specificity expression in 
different tissues (adductor, mantle edge, mantle pillial, gonad, gill, foot, viscus) by 
RT-PCR and the distribution by in situ hybridization. Setting the gene expression in 
adductor as the control, the results in Fig. 6.17 show that the Pf-BMPRIB gene 
expression level in gonad was far more than the other tissues, although there were 
also high levels in gill, foot, and viscus. It has proved that the members of TGFB 
family play the corresponding roles in different organisms, like affecting the devel- 
opment of the heart, digestive gland, kidney, liver, and lung and functioning in the 
fibroblast growth wound healing, inducing angiogenesis, and regulating the 
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Fig. 6.17 The relative expression levels of Pf/BMPR1IB and PfBAMBI in different tissues of 
Pinctada fucata. Mantle edge, mantle pallial, gonad, gill, foot, and viscus were selected as study 
tissues, and the expression levels of PEBMPR1B and Pf{BAMBI in the adductor were used as 
controls. *P < 0.05 


hematopoiesis. The varied expressions in distinct tissues prove that BMPRIB gene 
may be the multifunctional gene to maintain the normal physiological function of 
diverse organisms. 

To further investigate the gene expression pattern in the mantle tissue, we analyze 
the special expression of Pf-BMPR1IB mRNA through in situ hybridization. In 
contrast with the undetected signals in controls (Fig. 6.18), the positive signal of 
Pf-BMPRIB gene appeared at the epithelial cells of the outer fold and the mantle 
pallial, suggesting that it is related to the formation of both the prismatic and 
nacreous layer. 


6.4.2.3  P£BAMBI: A Pseudoreceptor to Compete with Type I Receptors 


BAMBI, BMP, and activin membrane-bound inhibitor are the pseudoreceptor, 
resembling the homodimerization interface of TGF family type I receptors but 
lacking an intracellular serine/threonine kinase domain required for signaling trans- 
duction. In the process of the combination of TGF family ligand and receptors, 
Bambi competitively binds with the ligand and type II receptors replacing Bmpr1b 
position in the heterologous tetramer complex and then preventing the downward 
phosphorylation because of the absence of the kinase domain. It is definitely a sort of 
negative feedback regulation mechanism. BAMBI is an essential regulator of cell 
proliferation and differentiation that represses TGFB and enhances Wnt/beta-catenin 
signaling in various cell types [42]. The BAMBI gene of vertebrate has been widely 
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Fig. 6.18 The localizations of PfFBMPRIB and PfBAMBI in the mantle of Pinctada fucata 
detected by in situ hybridization. The sense probes for PfBMPRI1B (a) and PfBAMBI (b) are 
used as controls. MPA Mantle pallial, ME Mantle edge, OF Outer fold. The red arrows indicate the 
positive signals (dark blue) detected in the outer epithelia of the MPA and OF using antisense 
probes of PEBMPR1B (c) and PfRBAMBI (d). Bar = 200 um 


researched; most exciting, the previous research indicates the interactions between 
BAMBI and biomineralization. It has been found that the Bambi functions as a 
dominant-negative protein that regulates reciprocal epithelial-mesenchymal interac- 
tions during dentinogenesis [43]. However, it still remains blank and has no relevant 
scientific reports on BAMBI of the mollusks. 

After the cloning and sequencing, we obtained Pf-BAMBI gene which presents a 
full-length 1939 base pair DNA with the region of 822 bp to encode an open reading 
frame of a 273 amino acid long protein, except for a 331 bp long 5’UTR and a 786 bp 
3'UTR. The predicted Bambi amino acid sequence contained the specific features of 
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Fig. 6.19 The relative expression levels of PEBMPR1B and PfBAMBI in the mantle of Pinctada 
fucata during shell notching. *P < 0.05 


the BAMBI domain. And the putative signal peptide cleavage happened in the site 
between the amino acids 19 and 20, as a result of releasing a 254 residue mature 
peptides. The hydrophobicity plots suggest potential transmembrane segment 
between the amino acids 166 and 188. The intracellular region of 189-273 amino 
acids contain few phosphorylation sites, where the phosphorable serines present at 
position of 192, 207, 248, 254 and the threonine predictions present at 206, 241. 
Although it has the putative site of phosphorylation, BAMBI does lack an intracel- 
lular kinase domain. 

When it occurs to the Pf-BAMBI expression level in different tissues, the result 
showed in Fig. 6.17 is highly expressed in gill, gonad, foot, and mantle edge, which 
may demonstrate the various functions of the gene. To investigate the specific 
location in mantle tissue, we chose to take out in situ hybridization experiment. As 
shown in Fig. 6.18, the Pf-BAMBI gene is located in the outer epithelial cells of both 
the outer fold and the mantle pallial, implying that the function participates in the 
analogous process with Pf-BMBRIB. The similar location also inferred that the 
function of the two receptors was associated with each other. 

To further confirm of the role Pf-BAMBI and Pf-BMPRIB genes play in the 
process of the mineralization, we performed the shell notching experiments that 
excise V-shaped notch on both sides of the shell, which mimic the rapid shell 
growth. According to Fig. 6.19, the expression pattern of Pf-BAMBI gene displays 
a downward and then upward trend. Simultaneously, Pf-BMPRI1B gene expression 
was upregulated at first, reached a peak in 8 h, and then declined but still higher than 
the basal level after the shell notching. Pf-BAMBI immediately responded to the 
notching that from the beginning to 2 days, the Pf-BAMBI gene was repressed. The 
high level of Pf-BMPRIB gene expression at the same time infers that as a 
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competitive inhibitor, decreased Pf-BAMBI expression promoted to express more 
Bmprlb protein to function with less competition. Consecutively, from 3 days to 
13 days, the increased Bambi protein might compete with the type I receptor causing 
the slight decline of the Pf-BMPRIB expression. Overall, the Pf-BMPR1B expres- 
sion does respond to this rapid shell growth, and the converse pattern of Pf-BAMBI 
expression speculates a competitive relation between Pf-BAMBI and Pf-BMPRIB. 
It brings the evidence that both the Pf-BAMBI and Pf-BMPRI1B are involve in 
biomineralization. 

In conclusion, we cloned and identified two homologous BMP receptor genes, 
PfBMPR1B and PfBAMBI, from the pearl oyster Pinctada fucata. The pearl oyster 
homologs Pf-BAMBI and Pf-BMPRI1B distribute ubiquitously in varied tissues, 
participate the rapid shell growth, have the effect on the matrix proteins, and play 
essential roles in the shell formation at embryonic and larva development stage. 
Collectively, these results clearly show that PPBMPRIB and PfBAMBI are involved 
in regulating shell biomineralization in P. fucata. Our study therefore provides the 
direct evidence that BMP receptors participate in mollusk biomineralization. 


6.4.3, Downstream Response Protein 
6.4.3.1 PfSmad3: Downstream Signal of BMP Pathway 


Smad3 has two highly conserved domains, DNA-binding mothers against dpp 
(MAD) homology 1 (MH1) domain and Runx2/Cbfal-binding MH2 domain. The 
MH1 domain can bind specific DNA sequences, called Smad3-binding sequences, 
which always contain the CAGA sequence in an unusual way, including a -hairpin 
structure binding to the major groove. The MH2 domain can bind other transcrip- 
tional factors to provide specificity and selectivity to Smad function as well as the 
interactions in Smad oligomers that phosphorylate the last two Ser of a conserved 
SSXS motif located at the C-terminus of MH2. 

In our study, we have reported the identification and characterization of a 
Smad3 homolog from pearl oyster, P. fucata. A cDNA clone was isolated based 
on RT-PCR, and amino acid sequence analysis was conducted. The complete 
cDNA sequence of Pf-Smad3, including the poly(A) tail, is 1515 bp. It contains 
a 109 bp 5’-untranslated sequence, an open reading frame consisting of 1242 bp, a 
TAA stop, and a 164 bp 3’-untranslated sequence which contains a poly(A) tail of 
12 nucleotides. A putative polyadenylation signal (AATAAA) was recognized at 
position 1295-1300, located upstream of the poly(A) tail and separated by 
94 nucleotides. The cDNA sequence was submitted to GenBank with the accession 
no. EU137731. The open reading frame of the cDNA clone encodes a protein 
consisting of 413 amino acid residues. Amino acid sequence analysis (using 
BLAST) showed that Pf-Smad3 possesses the characteristic primary structure of 
Smad3 proteins. Two putative conserved domains have been detected, MH1 
(MAD homology 1: Pfam03165.13) of 123 amino acid residues (aa 10-131) and 
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MH2 (MAD homology 2: Pfam03166.13) of 176 amino acid residues 
(aa 214-389), both of which are characteristic of Smad proteins. 

Compared with other Smad3 proteins, Pf-Smad3 has extremely high similarity 
with the Smad proteins in vertebrates. The identity of the conserved regions (includ- 
ing the MH1 and MH2 domains and the C-terminal) is conserved up to 83.9%; Smad 
proteins in Drosophila and C. elegans are very dissimilar to the vertebrate Smad3 
proteins. Based on the theory of evolution, the remarkable similarity of Pf-Smad3 to 
vertebrate Smad3 proteins indicates that Pf-Smad3 might play an important role in 
the oyster through pathways conserved from, or at least similar to, the vertebrate. 

The RT-PCR showed that mRNA of Pf-Smad3 was expressed in all the tissues 
analyzed (Fig. 6.20), consistent with the expression pattern of the mouse Smad3. 
This expression pattern indicates the involvement of Pf-Smad3 in diverse cellular 
processes. The changes of the mRNA expression of Pf-Smad3 during the D-sharp 
larva stage and the attachment stage of the oyster embryo were detected by 
semiquantitive PCR (Fig. 6.21). The relationship between the change in the level 
of Pf-Smad3 and the process of shell formation, particularly the D-sharp larva stage 
when oysters start to secrete nacre, should be further studied. 

To investigate the precise expression site of the Pf-Smad3 gene in the mantle, in 
situ hybridization was carried out. Obvious hybridization signals were detected in 
the outer epithelial cells of the middle fold near the base of the periostracal groove 
and the inner epithelial cells of the outer fold, as Fig. 6.22 shows. Furthermore, the 
signals around the gutter in the bottom of the periostracal groove were even stronger. 
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Fig. 6.22 Detection of Pf-Smad3 mRNA distributions in the mantle of P. fucata by in situ 
hybridization. A frozen section stained with a sense probe was used as the control (left frame). 
Strong hybridization signals are indicated by arrows (right frame). /F Inner fold, MF Middle fold, 
OF Outer fold, PG Periostracal groove. Bar = 500 um 


606 6 Molecular Regulation Mechanism of Biomineralization of Pinctada fucata 


Fig. 6.23 The oyster Time after shell notching 
Smad3 and BMP2 mRNA 
expressions after shell bp Oh 6h 12h 24h 36h 48h 


notching. The pearl oyster | 

housekeeping gene 350 Pf-Smad3 
encoding GAPDH was 

included as a positive 


control 460 P £-BP 2 


We compared these results with the results of in situ hybridization of several matrix 
proteins of the oyster in the mantle. There are overlapping signal areas in the mantle 
where the cells were considered to be involved in the formation of the prismatic layer 
[44—46] and periostracum [47]. 

As shown in Fig. 6.23, the mRNA level of Pf-Smad3 increases gradually and 
reaches a peak at 12 h after the shell notching. Then, the Pf-Smad3 mRNA level 
decreases gradually and reaches the lowest level at 36 h after the shell notching. 
However, the mRNA expression of Pf-Smad3 increases to the highest level again at 
48 h after the shell notching. These results suggest that the oyster Smad3 participates 
in shell repair. The change pattern of the mRNA levels of Pf-BMP2 changed in a 
different pattern. It increases to its highest expression level at 6 h after the shell 
notching and stays at that level until 36 h after the shell notching. The shell notching 
experiment results indicate that BMP2 also participates in shell repair, and the 
response of BMP2 is faster. 

As it has been reported that dexamethasone (DXM) and hydrogen peroxide 
(H202) can be added into the culture medium, respectively, to adjust the Smad3 
expression level in the mammal cells [37, 38], we have investigated the effects of 
DXM and H20, on the Smad3 and the BMP2 mRNA expression levels in primary 
cultured oyster mantle tissue cells. Real-time quantitative PCR results show that the 
oyster Smad3 and BMP2 expression levels are all changed in the drug-treated 
groups: DXM represses the mRNA expressions of the Smad3 and the BMP2 of 
the oyster mantle cells, while HO, both increases the two genes of mRNA expres- 
sions (Fig. 6.24). These results demonstrate there are significant correlations 
between the Smad3 and the BMP2 mRNA expressions in the oyster mantle tissue, 
and the drugs may be used to adjust pearl sac formation and nacre secretion. 

In conclusion, our study showed that Pf-Smad3 is highly similar to the Smad3 
proteins in vertebrates and revealed the ubiquitous expression of Pf-Smad3 in many 
tissues and at several developmental stages. Therefore, Pf-Smad3 might participate 
in many physiological processes in the oyster. DXM and HO, experiments indicate 
that the mRNA expression of the Smad3 and the BMP2 is correlated, and there may 
be similar signal transduction mechanism on these gene expressions. These genes 
are most likely to play important roles in the oyster biomineralization although they 
are also important to other physiological processes. This study is the initial step to 
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give light on the signal transduction and developmental mechanisms on molluskan 
shell formation. Further identification of the DNA-binding sequences of the Smads 
in the promoter regions of the matrix proteins will provide more clues to explore 
their function in biomineralization. 


6.4.3.2 PfSox9: An Important Transcription Factor 


PfSox9, the homolog of Sox (SRY-related high-mobility-group box gene)9, plays a 
vital role in maintaining the characteristics of chondrocytes and regulating cartilage 
development [48]. SOX9 is an important member of the SOX family and the first to 
discover the intron-containing SOX gene. SOX9 can bind to a variety of proteins, in 
which the interaction with the matrix protein is associated with the mineralization 
process. In the previous biomineralization studies, it has been found that SMAD3 
will induce cartilage differentiation by activating SOX9-dependent transcription in 
the TGF [beta] signaling pathway [49]; SOX9 also activates KRMPI to participate 
in the biomineralization process; in the process of cartilage formation, SOX9 binds 
to SSP1 to inhibit the mathematic mineralization of the matrix [50]. 

We cloned and characterized the DNA and protein sequence. The length of open 
reading frame was 1389 bp, the length of 5'UTR was 196 bp, the length of 3’ UTR 
was 761 bp, and the length of poly (A) was 13 bp. The cDNA sequence has been 
submitted to GenBank under accession number KC462556. 

As a general transcription factor, PfSox9 does have universal expression in 
different tissues. The organism specificity of SOX9 gene was analyzed by real- 
time quantitative PCR. The results in Fig. 6.25 showed that the expression levels of 
SOX9 gene were the highest in the foot, followed by the gill, adductor muscle, 
gonad, mantle edge, mantle pallial, visceral, and heart. It indicated that SOX9 gene 
might be involved in the process of exercise, respiration, reproduction, and 
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mineralization in Pinctada fucata. When it comes to the response of shell regener- 
ation, we also detect the expression pattern of SOX9 gene during the repair of shell 
damage. The expression level of SOX9 gene was increased first and then decreased 
during the repair of shell damage (shown in Fig. 6.26). The results indicated that 
SOX9 gene responded as a transcription factor during shell regeneration. 

The target of the PfSox9 is important to find out its vital function. So we use the 
online prediction software PROMO to analyze the transcription factors and its 
binding sites on the potential gene promoter. It was found that SOX9 was one of 
the possible transcription factors on the Prismalin-14 gene promoter. We designed a 
series of experiments to confirm. First, the recombinant vector of Prismalin-14 and 
SOX9 was cotransfected into HEK-293T cells, and the activity of Prismalin-14 
promoter was detected by Dual-Luciferase Reporter Assay System. The results in 
Figs. 6.27 and 6.28 showed that SOX9 gene could activate the activity of Prismalin- 
14 gene promoter and with a dose effect. Subsequently, two luciferase reporter 
vectors of the Prismalin-14 promoter truncation were constructed and transfected 
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Fig. 6.27 SOX9 active Prismalin-14 promoter. PfSox9 was constructed on pcDNA 3.1 (+) — myc 
vector and cotransfected into HEK-293 T cells. We used pcDNA3.1 (+) — myc vector as control 
group. The dual-luciferase assay results show PfSox9 significantly promotes the promoter activity 
of Prismalin-14 


Fig. 6.28 PfSox9 gene | Prismalin-14 


activates Prismalin-14 gene 
promoter with a dose effect 


Relative luciferase activity 





1 2 3 4 
Pf-Sox9 


into HEK-293T cells with the eukaryotic expression vector of SOX9. The transcrip- 
tional activity of Prismalin-14 and its truncation were analyzed by Dual-Luciferase 
Assay System. The —415 bp to —405 bp regions on Prismalin-14 gene promoter are 
the key region of SOX9 activation (Fig. 6.29). Finally, the eukaryotic expression 
vector of two SOX9 truncations was constructed, and the effect of the integrity of the 
SOX9 on the Prismalin-14 promoter was analyzed by Dual-Luciferase Assay 
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System. The results in Fig. 6.30 showed that the HMG domain in SOX9 is necessary 
for the transcriptional regulation of the Prismalin-14. 

Based on the above experimental results, it is suggested that SOX9 gene may 
involve in the process of biomineralization by regulating the transcription of the 
matrix protein Prismalin-14 gene. This evidence provides some basic data for the 
upstream regulation mechanism of biomineralization in Pinctada fucata, which will 
help to enrich the theory of biomineralization of pearl oyster. 

Different doses of Pf{Sox9 were cotransfected into HEK-293 T cells with 100 ng 
Prismalin-14 per well. 1 represents 0 ng of PfSox9 eukaryotic expression vector; 
2 represents 125 ng of PfSox9 eukaryotic expression vector; 3 represents 250 ng of 
PfSox9 eukaryotic expression vector; 4 represents 500 ng of PfSox9 eukaryotic 
expression vector. 


6.4.4 The Relationship of the TGFP Signaling Pathway 
and the Biomineralization 


6.4.4.1 From Cell Level 


To study the effects of the BMP type I receptor on the expression of the MP genes 
in vitro, the primary cells of mantle tissue were cultured and treated with the receptor 
inhibitor LDN193189. The mantle cells in all groups grew healthy throughout the 
duration of exposure. Western blot analysis indicates that the phosphorylation levels 
of Smad1/5/8 significantly decreased in mantle cells exposed to 2 pum LDN193189 
for 12 h and 24 h (Fig. 6.31a). When exposed to seawater with 2 um LDN193189 for 
12 h, the relative expression levels of Pf{KRMP, PfPRISMALIN-14, PfPIF, and 
PfMSI60 exhibit a decrease of 67.59%, 58.29%, 90.37%, and 76.66%, respectively, 
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compared with the control (Fig. 6.31b, P < 0.05). The results confirm that Bmprlb 
and the pathway it may participate are involved in the regulation of MP genes in 
mantle cells of P. fucata. 


6.4.4.2 From Individual Level 


To obtain the direct evidence of the function of Pf-BAMBI and Pf-BMPR1B in vivo, 
the knockdown of the two gene expressions by methods of RNA interference was 
performed. As the results that Fig. 6.32 shows, if we attribute the Pf-BAMBI and 
Pf-BMPR1B expression of the PBS group a relatively value of 1, respectively, the 
Pf-BAMBI and Pf-BMPRI1B gene expression levels of each the experimental groups 
were both inhibited. And the Pf-BAMBI and Pf-BMPRIB gene expression level 
decreased with increasing injection doses of 80, 160 ug dsRNA. Owing to the 
interference that the dsRNA induces the degradation of the certain mRNA affecting 
the gene translation level, the Bambi or Bmprlb cannot function normally. To 
confirm the phenotype of the gene disfunction, we choose several matrix proteins 
related to the formation of prismatic layer (KRMP, Prismalin-14) and nacreous layer 
(PIF, MSI60), respectively. Responding to BMPRIB gene repression, the KRMP, 
Prismalin-14 (P14), PIF, and MSI60 expression levels were all reduced suggesting 
that the knockdown of type I receptors in BMP signal pathway affects the integral 
pathway function. The depressed pathway decreased the matrix protein in turn 
indicating that the Pf-BMPRIB was related to both the formation of prism and 
nacre. But actually, the prism and the nacre formation actually have the complex 
network of multiple matrix protein, and the single matrix protein regulation does 
have time and polygenic effect. So more detailed Pf-BAMBI and Pf-BMPRIB 
function remains to be excavated in the complicated phenomenon. 
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Fig. 6.31 Effects of LDN193189 on the phosphorylation level of Smad1/5/8 and the expression 
level of matrix protein (MP) genes in mantle primary cells. (a) Changes in phosphorylated Smad1/ 
5/8 in mantle cells detected by Western blot. P-Smad1/5/8, phosphorylated Smad1/5/8. B-Actin is 
used as control. (b) The relative expression levels of MP genes in the mantle cells exposed to 
LDN193189. The expression levels of MP genes in unexposed mantle cells were used as 
corresponding controls. *P < 0.05 


To verify the role of the BMP type I receptor in shell germination, LDN193189 
was used to disturb Smad phosphorylation at the early developmental stage of 
P. fucata. Artificial insemination was employed to obtain oosperm from sexually 
mature pearl oysters. Many investigations showed that inhibition of the BMP 
signaling pathway influenced bone and tooth biomineralization in vertebrates. Sim- 
ilar to these effects, a deep dent was observed on the shell margin at the 
prodissoconch I stage in the larvae exposed to LDN193189 (Fig. 6.33d—f). After 
exposure for 48 h, more than 95% of the larvae developed to the D-shaped stage, and 
73.15%, 69.45%, and 66.35% of the D-shaped larvae were alive in the control, 2 um 
LDN193189 and 10 um LDN193189 groups, respectively (Fig. 6.33a). There were 
no significant differences in the survival rates among these three groups (P < 0.05). 
For the surviving larvae, both 2 um and 10 um LDN193189 significantly decreased 
the phosphorylation level of Smad1/5/8 (Fig. 6.33b). When exposed to seawater 
with LDN193189 for 48 h, the relative expression levels of PfKRMP, 
PfPRISMALIN-14, PfPIF, and P{MSI60 exhibit a significant decrease of 64.36%, 
93.05%, 77.87%, and 87.12% for the concentration of 2 um and 89.53%, 88.29%, 
87.37%, and 94.65% for the concentration of 10 um compared with the control 
(Fig. 6.33c, P < 0.05). Although our result cannot ensure which receptor was 
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Fig. 6.32 The relative expression levels of Pf{BMPR1IB, PfBAMBI, and shell matrix protein 
(MP) genes inhibited by RNA interference. (a) The expression of PEBAMBI and the MP genes 
PfKRMP, PfPRISMALIN-14, PfPIF, and PfMSI60 after injecting 80 and 160 ug of double- 
stranded RNA (dsRNA) of PfBAMBI for 6 d. (b) The expression of PFBMPRIB and the MP 
genes PIKRMP, PfPRISMALIN-14, PfPIF, and Pf{MSI60 after injecting 80 and 160 ug of double- 
strandeded RNA (dsRNA) of PfBMPRIB for 6 d. PBS-injected groups were used as controls. 
*P < 0.05 


influenced by LDN193189, it shows that the TGFB/BMP signaling pathway acts on 
shell germination of P. fucata. 

The involvement of the BMP signaling pathway in larval shell biomineralization 
was also observed in L. anatine, a brachiopod with phosphate biomineralization 
products [51]. The larval shell of shelled mollusks is formed by a shell gland, which 
is composed of a special kind of ectodermal cell in early embryos [52]. The inner 
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Fig. 6.33 Effects of LDN193189 on shell germination during larval development in Pinctada 
fucata. (a) Survival rates of larvae exposed to different concentrations of LDN193189. CK, the 
control larvae incubated in normal seawater. LDN-?2, the larvae exposed to seawater with 2 um of 
LDN193189 for 48 h. LDN-10, the larvae exposed to seawater with 10 um of LDN193189 for 48 h. 
(b) Western blot analysis of the phosphorylation level of Smad1/5/8 in the larvae exposed to 2 um 
and 10 pm LDN193189. p-Smad1/5/8, phosphorylated Smad1/5/8. (c) The relative expression 
levels of MP genes in the larvae exposed to LDN193189. The expression levels of MP genes in 
unexposed larvae were used as corresponding controls. *P < 0.05. Differences were assessed by 
one-way ANOVA. (d-f) Scanning electron microscope (SEM) images of the shell surface of 
D-shaped larvae (prodissoconch I) incubated in control (d) and 2 um (e) and 10 um Ê 
LDN193189. The yellow arrows indicate the wrinkled shell. Bar = 20 pm 
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part of these ectodermal cells is subsequently transformed into mantle epithelium of 
the larva. Studies on the mussel M. galloprovincialis and the European oyster Ostrea 
edulis [53] have shown that the organic matrix of the shell begins to be secreted by 
the shell gland during the late trochophore stage. Meanwhile, biomineralization 
products were detected at the inner side of the organic matrix at the early veliger 
stage. As a component of the organic matrix, MPs play important roles in shell 
germination 48. The morphological changes in the prodissoconch I in the larvae of 
P. fucata may be caused by alterations of MPs, because in vitro study in mantle 
primary cells and in vivo study in larvae illustrate that LDN193189 decreases the 
expression levels of these genes. Interestingly, LDN193189 did not induced signif- 
icant changes in the survival rate of P. fucata larvae. The reason for this phenomenon 
is largely unknown and needs further investigation. Although not conclusive, one 
piece of evidence implies that TGF signal pathway type I receptors, particularly 
PfBMPR1B, are critical for biomineralization during the shell germination stage. 


6.4.5 The Network of the TGFB Pathway 


It is necessary to investigate the interaction between the transmembrane receptors 
(Pf-Bambi, Pf-Bmprlb) and the upstream ligand (BMP2) or downstream signal 
(Smad5, Smad6) to verify the essential roles Pf-Bambi and Pf-Bmpr1b played in 
the whole TGF signal pathway. When we transform the single plasmid into the 
AH109, after shaking for 15 h, we detected the OD 600 to ensure that they did not 
have the toxicity. All these results indicated that the yeast two-hybrid (Y2H) system 
was efficient. As shown in Fig. 6.34, the white colonies grown on the synthetic 
dropout (SD) medium SD-Trp-Leu represent successful transformations of the 
plasmids pGBKT7 (BD)-PfBAMBI, BD-PfBMPRIB, pGADT7 (AD)-PfBMP2, 
AD-PfSMADI1/5/8, AD-PfSMAD4, and AD-PfBMPRIB. The blue clones are 
observed for the yeast AH109 cotransformed with AD-PfBMP2 and 
BD-PfBAMBI, AD-PfSMAD1/5/8 and BD-PfBAMBI, AD-PfBMP2 and 
BD-PfBMPRIB, and AD-PfSMAD1/5/8 and BD-PfBMPRI1B on the SD-Trp-Leu- 
His-Ade/X-gal medium. However, no clones grew for the yeast cotransformed with 
AD-PfSMAD4 and BD-PfBAMBI or AD-Pf{SMAD4 and BD-PfBMPRIB on the 
SD-Trp-Leu-His-Ade/X-gal medium. The results indicate that Bmprlb and Bambi 
interact with members of the TGFB/BMP pathway in P. fucata. 

Based on the findings from the investigations on ligands, receptors, and Smads in 
the TGFB/BMP signaling pathway and the mechanism of MP-mediated biomineral- 
ization in shelled mollusks, we propose a hypothesis about the regulatory mecha- 
nism of the TGFB/BMP signaling pathway in shell biomineralization (Fig. 6.35). In 
the mantle, the ligand Bmp2 or Bmp7 binds to the complex of type I receptor 
Bmpr1b and type II receptor Bmpr2. Bmpr1b is phosphorylated by the constitutively 
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Fig. 6.34 Interactions among Bambi, Bmpr1b, and members of the TGFB/BMP signaling pathway 
in Pinctada fucata detected by a yeast two-hybrid system. The plasmids are cotransformed into the 
yeast AH109 and spread on the dropout synthetically defined (SD) medium. The white colonies on 
SD-Leu-Trp medium (SD-2D) indicate that the plasmids are successfully transformed. The blue 
colonies on SD-Ade-His-Leu-Trp/X-a-Gal medium (SD-4D- X-a-Gal) indicate the presence of an 
interaction between two proteins, comparable with that of the positive (AD-T + BD-p53), negative 
(AD-T + BD-Lam), and empty plasmid (AD + BD) controls. The triangle indicates that the yeast is 
gradiently diluted five times with sterilized water before spreading on the medium 





Fig. 6.35 Schematic presentation of the mechanism for shell biomineralization mediated by the 
TGFB/BMP signaling pathway in mollusks. The green arrows indicate known pathways, and the 
gray dotted arrows indicate potential pathways. The red dotted circle indicates the interactions of 
Bambi, Bmpr2, and Bmpr1b. NP nuclear pore, MC membrane channel 


active Bmpr2 kinase and thereby recruits a cytoplasmic Smad1/5/8 (R-Smad), which 
is then phosphorylated by activated Bmprlb. Smad1/5/8 may dissociate from the 
receptors to form a heteromeric complex with Smad4 (Co-Smad). The Smad com- 
plex is transported into the nucleus, where it regulates the expression of specific 
matrix protein (MP) genes alone or by binding certain transcription factors (either 
corepressors or coactivators). The MPs may be synthesized through conventional 
ways throughout the endoplasmic reticulum (ER) and Golgi apparatus (GA) and 
secreted out of the mantle cells. Finally, the MPs arrive at the mineralization site on 
the surface of the shell, and the MPs with different functions regulate the formation 
of the nacreous layer (NL) and prismatic layer (PL). Bambi is a negative regulator 
and competitively binds to the ligands and Bmpr2, which cannot trigger the phos- 
phorylation of Smad1/5/8, inhibiting the signal transduction in this pathway. The 
green arrows indicate known pathways, and the gray dotted arrows indicate potential 
pathways. 
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6.5 Wht Signaling Pathway 


6.5.1 Introduction 


WNYTs are secreted cysteine-rich glycoproteins that act as short-range ligands to 
locally activate receptor-mediated signaling pathways. Their functions have been the 
subject of investigation for more than 30 years [54]. Wnt signaling, a critical 
intercellular pathway in all multicellular animals, is involved in the regulation of 
various processes including embryonic development, stem cell proliferation, organ- 
ogenesis, and maintenance of mineralized tissues, such as tooth development and 
regulation of bone mass [55, 56], though there is little research on the Wnt signaling 
pathway in pearl oyster. 

The canonical Wnt signaling pathway is characterized by the stability of B-catenin 
in the cytoplasm and its nuclear entry [54]. The regulatory mechanism of this 
pathway is as follows (Fig. 6.36). In the absence of a Wnt signal, the “B-catenin 
destruction complex” is formed in the cytoplasm and contains B-catenin, casein 
kinase I (CKD), glycogen synthase kinase 38 (GSK36), adenomatous polyposis coli 
(APC), and Axin. In this complex, B-catenin is phosphorylated and ubiquitylated, 
then degraded by the proteasome. In contrast, in the presence of a Wnt signal, 
cytoplasmic Dishevelled (Dvl) is activated, leading to inhibition of GSK3ß phos- 
phorylation and dissociation of B-catenin from the destruction complex. B-catenin is 
then transferred into the nucleus where it binds to T-cell factor (TCF)/lymphoid 
enhancer factor (LEF), which results in the activation of Wnt target gene 
transcription. 


6.5.2  Pf-f-Catenin: A Key Factor Wnt Pathway 


B-Catenin is the key factor of canonical Wnt signaling pathway; before that, it was 
originally isolated as a protein associated with E-cadherin that functioned in medi- 
ating cell-cell adhesion [57]. A considerable amount of accumulated evidence 
indicates that B-catenin exists widely in various species from human to Porifera, 
the lowest metazoan phylum [58, 59, 60]. Structurally, the central armadillo (ARM) 
repeat domain within B-catenin mediates its binding to cadherins, APC, Axin, and 
TCF-family transcription factors [61], which provide the structural basis for its 
function. 

The 3993 bp full-length cDNA sequence of Pf-B-catenin was cloned from RNA 
isolated from the mantle tissue (GenBank accession no. KM374536). It comprised a 
153 bp 5’-untranslated region (UTR), a 1359 bp 3’ UTR, and a 2481 bp open reading 
frame (ORF) encoding a protein of 826 amino acids with a predicted molecular mass 
of 91.04 kDa and an estimated isoelectric point of 5.79. Sequence analysis showed 
that genomic DNA of Pf-B-catenin was composed of 15 exons and 14 introns 
(Fig. 6.37a). 
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Fig. 6.36 The pathway of WNT/B-catenin signaling [54]. In the absence of active WNT (a), 
B-catenin is degraded, and prospective target genes are in a repressed state. If WNT signaling (b) 
is active, B-catenin degradation is reduced. As B-catenin accumulates, it enters the nucleus, interacts 
with DNA bound T-cell factor (TCF) and lymphoid enhancer-binding protein (LEF) family 
members to activate the transcription of target genes. The components shown are described in 
more detail in the text; additional pathway components are described on websites that are linked to 
the main text. APC Adenomatous polyposis coli, /-cat B-catenin, CBP CREB-binding protein, CK 
casein kinase, DKK Dickkopf, DSH Dishevelled, GBP GSK3-binding protein, GSK Glycogen 
synthase kinase, LRP LDL receptor-related protein, P Phosphorylation, sFRP Secreted frizzled- 
related protein, TCF T-cell factor 


Domain architecture analysis indicated that Pf-B-catenin contained 12 ARM 
repeats, which are the most important feature of B-catenin. In addition, two con- 
served ubiquitination/acetylation residues (Lys-34 and Lys-66) and one conserved 
GSK3 phosphorylation motif (DSGXXS) were found in the Pf-f-catenin 
N-terminal sequence by alignment of B-catenin amino acid sequences from six 
other species (Fig. 6.37b). Four amino acid residues, defined in human as GSK3f 
phosphorylation sites [62], were highly conserved in Pf-B-catenin: three serine 
residues (S33, S37, and S45 in human) and one threonine (T41 in human). 
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Fig. 6.37 Sequence analysis of Pf-B-catenin (a) genomic structures. Exons are indicated with gray 
boxes, while introns are indicated with straight black lines. (b) Characteristics of the deduced amino 
acid sequence of Pf-B-catenin. Twelve ARM repeats are denoted in the black box and are labeled Al 
to A12. Alignment of the N-terminal sequence of Pf-B-catenin with the amino acid sequence of six 
other species revealed two conserved ubiquitination/acetylation residues (Lys-34 and Lys-66) and 
one conserved GSK36 phosphorylation motif (DSGXXS), denoted in the black pane. Four con- 
sensus GSK3B phosphorylation sites, three serine (S) residues, and one threonine (T) residue are 
denoted by an asterisk. Amino acids critical for binding B-catenin are denoted by an asterisk. 
H. sapiens: Homo sapiens; X. laevis: Xenopus laevis, D. rerio: Danio rerio, C. gigas: Crassostrea 
gigas; A. farreri: Azumapecten farreri; L. variegatus: Lytechinus variegatus, D. melanogaster: 
Drosophila melanogaster 
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6.5.3 Pf-Dvl: A Member of Wnt Pathway 


Dvl is another component of the Wnt signaling pathway and has also been thor- 
oughly studied in recent years. Functionally, on the one hand, based on its capacity 
to propagate canonical Wnt signals, Dvl participates in bone development and early 
embryogenesis [63, 64], similar to B-catenin and TCF/LEF, while on the other hand, 
it can mediate other signaling pathways, such as the planar cell polarity (PCP) 
pathway, via interaction with various proteins due to its multiple domains [65]. 

The 2698 bp full-length cDNA sequence for pearl oyster Pf-Dvl was also cloned 
from the mantle tissue (GenBank accession no. KM374538). It contained a 76 bp 5’ 
UTR, a 390 bp 3’ UTR, and a 2232 bp ORF encoding a protein of 743 amino acids 
with a predicted molecular mass of 81.61 kDa and an estimated isoelectric point of 
5.70. Sequence analysis showed that genomic DNA of Pf-Dvl was composed of 
16 exons and 15 introns (Fig. 6.38a). 

As in other species, domain architecture analysis indicated that Pf-Dvl has three 
conserved domains, an N-terminal DIX (Dvl and Axin) domain, a central PDZ 
(postsynaptic density 95, discs large, and zonula occludens-1) domain, and a 
C-terminal DEP (Dvl, Egl-10, and pleckstrin) domain [66]. What is more, alignment 
of Pf-Dvl with six other species revealed one nuclear import signal (NLS) near the 
PDZ domain and one leucine-rich nuclear export signal (NES) (M\LXXLXL) near 
the DEP domain (Fig. 6.39b). 
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Fig. 6.38 Sequence analysis of Pf-Dvl. (a) Genomic structures. (b) Characteristics of the deduced 
amino acid sequence of Pf-Dvl. The N-terminal DIX domain, the central PDZ domain, and 
C-terminal DEP domain are predicted. After aligning the amino acid sequence of Pf-Dvl with 
that of six other species, one conserved NES (M\LXXLXL) and one NLS were identified 





a 
b 1 51 260 297 
Pf-TCF 320aa 


Catenin-binding domain 





H. sapiens TCF3 
H. sapiens TCF4 
H. sapiens LEF1 
H. sapiens TCF 1 
C. gigas Pangolin 
P. fucata TCF 
D. melanogaster Pangolin S 


' 
B\ 
1 





Fig. 6.39 Sequence analysis of Pf-TCF. (a) Genomic structures. Exons are (b) characteristics of 
the deduced amino acid sequence of Pf-TCF. The B-catenin-binding domain and HMG box were 
predicted 


6.5.4 Pf-TCF: Component of Wnt Pathway 


TCF/LEF is a downstream effector of Wnt signals, and its involvement in Wnt 
signaling was first addressed in Xenopus laevis [67]. This transcription factor family 
has four members in chordates: LEF1, TCF1, TCF3, and TCF4. The direct interac- 
tion of TCF/LEF with B-catenin 1s essential for the multiple roles they played, which 
have been extensively studied [68]. 

The full Pf-TCF cDNA was 1052 bp in length and comprised of a 5’ UTR of 
21 bp, an ORF of 963 bp, and a 3’ UTR of 68 bp (GenBank accession 
no. KP875380). The deduced Pf-TCF protein is a single polypeptide of 320 amino 


6.5 Wht Signaling Pathway 621 


acids with a predicted molecular mass of 34.57 kDa and an estimated isoelectric 
point of 6. Sequence analysis showed that genomic DNA of Pf-TCF was composed 
of 7 exons and 6 introns (Fig. 6.39a). 

Analysis of the functional domain showed that Pf-TCF has the conserved 
B-catenin-binding domain and DNA-binding high mobility group (HMG) box 
domain (Fig. 6.39b). The three residues playing critical roles in interaction with 
B-catenin defined in human [69] were also conserved in Pf-TCF (Fig. 6.39b). 


6.5.5 The Three Wnt Pathway Members Interact with Each 
Other 


The direct interaction of B-catenin with TCF/LEF is essential for the multiple roles 
they play. Thus, whether Pf-f-catenin interacts with Pf-TCF was investigated using a 
GAL4-based yeast two-hybrid system. First, we verified that the constructs of 
pGADT7-Pf-B-catenin and pGBKT7-Pf-TCF did not autonomously activate the 
reporter gene (Fig. 6.40a). Then, the a-galactosidase assay of cotransformants of 
pGADT7-Pf-B-catenin and pGBKT7-Pf-TCF showed that there were blue colonies 
on SD/—Leu/—Trp/X-a-Gal and SD/— Ade/—His/— Leu/—Trp/X-a-Gal, compara- 
ble to that of the positive control (pGADT7-T/pGBKT7-53), suggesting that 
Pf-B-catenin interacted with Pf-TCF (Fig. 6.41b). As negative controls, the results 
of cotransformants of pGADT7-T and pGBKT7-Lam, pGADT7-Pf-B-catenin and 
pGBKT7, pGADT7 and pGBKT7-Pf-TCF, and pGADT7 and pGBKT7 showed 
white colonies on SD/—Leu/—Trp/X-a-Gal and no colonies on SD/—Ade/—His/— 
Leu/—Trp/X-a-Gal (Fig. 6.40b). 

As these three genes were interacted together, their expression pattern was similar 
too. As shown in Fig. 6.41, these three genes were ubiquitously expressed in the 
seven tissues assayed. The mRNA expression levels were all highest in the gill and 
lowest in the adductor muscle. In addition, in the mantle pallial and mantle edge, 
which are considered to be biomineralization-related tissues, there were certain 
amounts of expression of these three genes. 

To detect the response of Pf-B-catenin, Pf-Dvl, and Pf-TCF to the short-term shell 
injury and in the regeneration process, these gene expressions were determined in 
different time after shell notching. As shown in Fig. 6.42, in general, the dynamic 
changes of Pf-B-catenin, Pf-Dvl, and Pf-TCF gene expression were relatively similar 
to each other during the tested period. Although they behaved differently within 
48 h, they were all upregulated significantly and reached the maximum expression at 
4 days. These results suggested that Pf-B-catenin, Pf-Dvl, and Pf-TCF might partic- 
ipate in the process of shell regeneration and function in pearl oyster 
biomineralization. 

Relative gene expression of Pf-B-catenin, Pf-Dvl, and Pf-TCF during embryonic 
and larval development at five different stages, including oosperm, trochophore 
stage, D-shaped stage, umbonal stage, and juvenile stage, was also detected. As 
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Fig. 6.40 Interaction of Pf-B-catenin with Pf-TCF by yeast two-hybrid analysis. (a) Independently 
transformed the constructs of pGADT7-Pf-B-catenin and pGBKT7-Pf-TCF into the yeast strain 
AH109 to test self-activating effect. White colonies on SD/—Leu/X-a-Gal or SD/—Trp/X-a-Gal 
and no colonies on SD/—His/—Leu or SD/—His/—Trp illustrated that they cannot activate reporter 
genes individually. (b) Cotransformation of pGADT7-Pf-B-catenin and pGBKT7-Pf-TCF into 
strain AH109. The interaction is shown by blue colonies on SD/—Leu/—Trp/X-a-Gal and 
SD/—Ade/— His/—Leu/—Trp/X-a-Gal, comparable with that of the positive control (pGADT7-T/ 
pGBKT7-53) 


shown in Fig. 6.43, they were expressed during all five developmental stages, with 
the highest level at the first oosperm stage. These results indicated that these genes 
might be essential factors in the early embryonic development of the pearl oyster. 

In summary, the cDNA of three Wnt signaling pathway genes from the pearl 
oyster, encoding Pf-B-catenin, Pf-Dvl, and Pf-TCF, was cloned and sequenced. The 
interaction of Pf-B-catenin with Pf-TCF was verified. They were ubiquitously 
expressed in the seven tissues examined with certain amounts in the mantle tissue 
and were capable of responding to shell regeneration. Their expression during 
embryonic and larval developmental stages was also studied. Additional research 
will be required to determine the function of the Wnt signaling pathway and of 
Pf-B-catenin, Pf-Dvl, and Pf-TCF in shell formation and embryonic development in 
the pearl oyster. 
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Fig. 6.41 Relative mRNA expression of Pf-B-catenin (a), Pf-Dvl (b) and Pf-TCF (c) in seven pearl 
oyster tissues measured 
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Fig. 6.42 Relative mRNA expression of Pf-f-catenin (a), Pf-Dv1 (b), and Pf-TCF (c) in the mantle 
tissue of pearl oyster after shell notching 
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Fig. 6.43 Relative mRNA expression of Pf-B-catenin (a), Pf-Dvl (b) and Pf-TCF (c) during 
embryonic and larval development at five different stages 
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Fig. 6.44 Effect of regulator of G protein signaling (RGS) proteins on the classical G protein cycle 
at the plasma membrane. A G protein-coupled receptor (GPCR) serves as a guanine nucleotide 
exchange factor (GEF) that activates the G protein by enhancing GDP dissociation from the Ga 
subunit. Ga and Gy dissociate and stimulate their respective effectors. RGS proteins serve as 
GTPase activating proteins that accelerate GTP hydrolysis and thereby return the Ga subunit to its 
inactivated GDP-bound form, followed by reassembly of the heterotrimer [73] 


6.6 G Protein-Mediated Pathway 


6.6.1 Introduction 


G proteins composed of a-, B-, and y-subunits form a superfamily of signaling 
molecules that modulate a huge repertoire of cell surface receptors for diverse 
extracellular and developmental cues [70] (Fig. 6.44). Sensory stimuli, hormones, 
and neurotransmitters drive the receptors into a conformational change in a-subunit 
and catalyze the exchange of GDP or GTP, generating two potential signaling 
molecules, a GTP-bound a-subunit and a free By dimer. Each released component 
can activate a variety of downstream effectors. The signal termination is through the 
hydrolysis of GTP to GDP by GTPase activity intrinsic to a-subunit, allowing its 
reassociation with By dimer. The best characterized are the G protein a-subunits 
which are divided into four classes (G,, Gj, Gg, Giz) according to their amino acid 
sequence identity, and each class is composed of several subclasses. When activated, 
G,a can stimulate membrane-bound adenylyl cyclases (AC) and calcium channels, 
resulting in the elevation of intracellular levels of key second messengers cAMP and 
Ca** [71]. These second messengers can mediate diverse physiological processes 
such as metabolism, development, cell proliferation, and gene transcription. In fact, 
previous studies have implicated that G,a play a role in biomineralization. In 
mammals, mutations of G,a can cause many kinds of diseases that are related to 
biomineralization. B-Subunit has been identified in five isoforms up to now, and they 
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showed 50%-—90% identity in primary structure. B-Subunit depends upon y-subunit 
to fold correctly [72]. The top surface of the propeller structure interacts with G 
protein œ subunit, and the bottom surface of the torus is the major site for interaction 
with y-subunit, which set the fundamental elements for its function. However, in 
mollusk, the relationship between Ga, GB, and biomineralization has not been 
elucidated. 


6.6.2. G Protein a-Subunit Involved in Regulation 
of Biomineralization 


We have cloned and characterized a novel G protein a-subunit, designated as Pf{G,a 
which the full-length cDNA is 1391 bp in size, with the translation start site at nt 
260 (ATG) and stop codon at nt 1391 (TGA), encoding a polypeptide of 377 aa in 
length. The cDNA sequence and its predicted translation have been deposited in 
GenBank under accession number AY391226. 

The deduced amino acid sequence of PfGsa showed higher similarity to snail Gs 
(86%) and octopus G,a (84%), in particular, the well-conserved amino acid motifs 
characteristic of G protein a-subunits: A, C, and G and switch II functional sites are 
completely identical to other G protein a-subunits. In addition, other conserved 
amino acids include Arg'® , that is, the site of ADP-ribosylation by cholera toxin 
and carboxyl terminus an important site for interaction with receptors is also 
conserved [74]. 

By using in situ hybridization, we studied the distribution of the hybridization 
signal of PfG,a mRNA and found that the Ga mRNA is widely expressed in the 
mantle, gill, spermatogenic epithelia, digestion gland epithelia, and muscle cells in 
P. fucata (Fig. 6.45). Northern blotting analysis (Fig. 6.46) indicated different 
expression levels among the five kinds of tissues. The signals in mantle and gill 
are higher than that in the other tissues with the digestive gland being the lowest. The 
mantle of mollusks is a center of periostracum and shell formation [75]. Strong 
hybridization signals were detected in the outer fold of the mantle (Fig. 6.45d) in 
which the hybridization signals were seen mainly in the epithelia cells, indicating 
that the PfG,a may be involved in biomineralization in P. fucata. 

G,a-mediated signaling is important in numerous biological processes, by gen- 
erating the second messenger cAMP upon stimulation. We found that in the presence 
of CTX, PfG,a-transfected MC3T3-EI1 had a massive increase of cAMP (Fig. 6.47). 
CTX-induced increase in cAMP occurs as a result of ADP-ribosylation of the 
a-subunit of stimulatory G protein (G,a~) and constitutive activation of AC 
[76]. These findings indicate that PfG,a has the same biochemical properties as 
mammalian G proteins [7]. 
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Fig. 6.45 In situ hybridization of oyster PfG,a mRNA in five different tissues of P. fucata. Among 
these tissues, hybridization signals (arrows) were observed in epithelial cells of digestive gland (a), 
gill (b), spermatogenic duct (c), the outer fold in the mantle (d), and muscle cells (e). No 
hybridization signal is apparent in the control section stained with the same probe in (f). Original 
magnifications are x 200 (a, c, d, and f) and x400 (b and e) 


Here, we also found that PfG,a can stimulate ALP activity in MC3T3-E1 
(Fig. 6.48). The previous data also showed that ALP’s primary function in miner- 
alizing is to fine-tune inorganic pyrophosphate (PPi) concentrations and maintain 
steady-state levels of PPi adequate for controlled mineralization. Additionally, 
through hydrolysis of PPi and nucleoside triphosphates, ALP also may contribute 
to the pool of Pi available for deposition as hydroxyapatite [77]. The increase of ALP 
activity was also correlated to the function of osteoblast-like cells in proliferating 
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Fig. 6.47 Effect of CTX on cAMP accumulation in transfected MC3T3-E1. After transfection with 
control PCDNA4c or plasmids encoding WT or MT PfG,o for 36 h, the cells were incubated with 
10 pm IBMX for 30 min and then stimulated with 1 pg/ml CTX for 2 h (shaded bar) or no drug 
(hatched bars), and cAMP accumulation was measured. All values represent means +S.D., and each 
sets of results is representative of at least three additional experiments. Key: *P < 0.05, compared 
with the control and mutant 
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Fig. 6.48 Effects of CTX on ALP activity in transfected MC3T3-E1 cells. After transfection with 
control PcDNA4c or plasmids encoding wild-type or mutant PfG,a for 24 h, the cells were 
incubated with 1 pg/ml CTX for additional 36 h (shaded bar) or no drug (hatched bars), and ALP 
activity was measured. All values represent means +S.D., and each set of results is representative of 
at least three additional experiments. There are no differences among them in the absence of CTX in 
MC3T3-El1. Key: *P < 0.05, compared with the control and MT 


and differentiation, but their signal transduction is not well clear. Recent information 
revealed that signal molecules through several mitogen-activated protein kinases 
(MAPK), such as ERK, p38 MAPK, and JNK, regulate proliferation and differen- 
tiation of osteoblast-like cells, including in controlling ALP activity [78]. Our results 
give evidence that G,a-mediated activation may in turn activate downstream signal 
molecules, such as MAPK family, in process of mineralization. 

In summary, PfG,a is widely expressed in tissues. Detailed comparison of the 
deduced amino acid sequence among different G,as suggests that PfG,a is a novel 
subunit within the G,a class. Furthermore, PfG,a may have a stimulatory effect on 
ALP activity, which is a vital marker in the process of biomineralization. 


6.6.3 G Protein B-Subunit Interacted with CaM 
and Modulating Cellular Functions 


We first cloned and characterized the G protein B-subunit in bivalve pearl oyster, 
Pinctada fucata (PfGB). The nucleotide sequence was submitted to GenBank with 
the accession no. AY524667. The sequence of oyster GB subunit shared high 
similarity with those of GB subunits from mollusk, amphibian, and mammalian 
(94% identity to squid, 90% to tiger salamander, and 86% to human). The well- 
conserved amino acid domains in G protein B-subunit, seven WD repeats, were 
found in the deduced amino acid sequence. The 3D structure of Pf{GB was predicted 
by the following Internet address: http://www.expasy.org/swissmod/SWISS- 
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Fig. 6.49 The 3D structure prediction from the deduced amino acids: (a). Stick-and-stick model of 
the seven WD repeats in Pf{GB. Each WD repeat forms one f-propeller, (b) Ball-and-stick model of 
the seven WD repeats in PfGB 
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MODEL.html. The results showed that PfGB also belongs to B-propeller family of 
proteins whose members contain 4—8 antiparallel B-sheets resembling the blades of a 
propeller [79]. The GB consists of seven B-sheets, each containing four antiparallel 
strands radiating outward which form a central core with approximate sevenfold 
symmetry (Fig. 6.49). The inner strands of each sheet run roughly parallel to central 
axis and form the walls of a water-fill tunnel, whereas the outer strands tilt as they 
radiate away from the center. Each WD repeat forms one f-propeller. However, a 
single WD repeat does not directly correspond to a single stable fold domain; rather, 
the most variable segment of each WD repeat, corresponding to its N-terminal 
portion, forms the outermost, C-terminal strand of one blade, whereas the conserved 
core of the same repeat forms the innermost strand of the nest blade. The overall 
propeller structure of B is closed by juxtaposition of strands from the first to the 
seventh WD repeat. This structure may contribute to the resistance to cleavage by 
trypsin despite many tryptic cleavage sites. As shown in Fig. 6.50, yellow highlights 
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the different structures, the variable region of the seventh WD repeat which is 
different from any other GP subunits that may be involved in the closing 
B-propeller and formation. 

G protein h subunits must depend upon y-subunits to fold correctly, and its signal 
transduction in vitro also bound to y-subunits [72]. We also cloned mouse y2 subunit 
and ligated expression vector. Figure 6.50a shows the in vitro translated GB protein 
and mutant GB proteins separated by Western blot using anti-His-tag monoclonal 
antibody. The in vitro translated protein mixtures were incubated with anti-HA-tag 
monoclonal antibody, and the agarose beads were also added. The precipitated 
proteins were detected by Western blot, using GB rabbit anti-h subunit antibody. 
As shown in Fig. 6.50b, unlike the wild-type Gf protein, the binding affinities of DT 
and MT for CaM were dramatically reduced. The data suggested that the mutant 
residues (the N-terminal 49-53 amino acids) are critical to the interaction with CaM. 

We also assessed the effects of ALP activity in WT, WTC, DTC, MTC, and CaM. 
The data showed that the ALP activity in WTC is significantly higher than that of the 
other groups (P < 0.05). No prominent difference among the groups of DTC, MTC, 
and CaM was observed (P < 0.05), while they were all higher than that of the control 
group (only transfected vector without cDNA fragment) (Fig. 6.51). 
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Fig. 6.51 The interaction of Gfy subunits with CaM by measuring the ALP activity in 
cotransfected MC3T3-E1. ALP activity in WTC is significantly higher than that of the other groups 
(P < 0.05). There are no differences among the groups of WT, DTC, MTC, and CaM (P < 0.05), 
while they are all higher than that of the control group (only transfected vector without cDNA 
fragment). (*) P < 0.05, compared with any other group 
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In WT group, overexpression of GBy may cause general changes in the metabolic 
state of the cell and activate various signal transduction pathways, including stim- 
ulating MAPK kinase pathway through Ras and Raf [80] and causing permanent 
changes in Ca** channels state [81], which all improved the proliferation and further 
improved the ALP activity. In WTC group, the affinity of GBy subunits and CaM is 
sufficiently high so that much of the free By in the cells should be in the CaM-bound 
form. Therefore, an increase in intracellular Ca2+ concentration could selectively 
regulate the interactions of GBy with serials of other proteins through binding with 
CaM. CaM not only increases ALP activity but also participates in the biomineral- 
ization [82]. In DTC and MTC groups, mutants Gy failed to associate with CaM 
and, as a result, did not activate the downstream signal molecules. So there are no 
differences among the DTC, MTC, and CaM groups, but all of their ALP activities 
are higher than the control because of action with CaM. 

In conclusion, we have cloned oyster GB subunit and found it widely expressed in 
many tissues. By comparing the deduced amino acid sequence among Gf family 
members, we considered that PfGf should be classified in a novel subunit within 
GB1 class. Further research indicates that PfGB might interact with CaM and point to 
the important physiological function in modulating cellular functions. 


6.7 Transcription Factors 


6.7.1 Introduction 


Biomineralization is precisely regulated by the matrix proteins, which account for less than 
5% of the weight of shells. Since 1996, researchers have investigated the identification, 
separation, purification, and functions of matrix proteins in P. fucata. However, the 
transcriptional regulation of matrix proteins has seldom been reported, and few of the 
transcription factors involved in this regulation have been identified. Furthermore, it is 
extremely difficult to investigate transcription regulation without well-established cell lines 
of P. fucata. So it is lack of studies on the transcriptional regulation in biomineralization 
process. Pf{MSX is the first transcription factor in P. fucata which had been studied and 
demonstrated having the ability to activate transcription of certain matrix protein [83]. As 
more and more matrix proteins had been cloned and characterized, the research in 
transcriptional regulatory network of these matrix proteins become apparently requisite. 


6.7.2 Pf-POU3F4 Regulating the Expression of the Matrix 
Proteins 


The transcription factors POU3F4 are members of the POU domain family, which 
was initially defined by three mammalian transcription factors, the pituitary-specific 
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Pit-1 protein, the octamer-binding proteins Oct-1 and Oct-2, and the neural protein 
Unc-86 from Caenorhabditis elegans [84]. This family of transcription factors 
shares a common DNA-binding domain, the POU domain, which consists of an 
N-terminal POU-specific domain (POUS), a C-terminal homeodomain (POUH), and 
a linker region of varying lengths connecting the two domains. Since their initial 
discovery, more than 1000 POU sequences have been identified. Based on the amino 
acid sequence of the POU domain and conservation of the variable linker region, this 
POU domain family is classified into six major classes with various important 
functions in neurogenesis, pluripotency, and cell-type specification [85]. POU3F4, 
also known as brn-4, belongs to POU class III and is expressed mostly in the brain, 
inner ear, and pancreas in mammals [86]. POU3F4 mainly participates in the 
regulation of neural stem cells, hypothalamus differentiation, and inner ear devel- 
opment [87]. Targeted mutagenesis of POU3F4 causes abnormal temporal bone 
development in the mouse’s inner ear [88]. In contrast to the large number of POU 
transcription factors with various functions in vertebrates, POU transcription factors 
are limited in mollusks and have received less attention; only four POU family 
classes have been identified and mainly in development of the nervous system 
[85]. However, given that transcription factors are usually involved in various 
biological processes, further study is required to identify which other biological 
processes POU transcription factors participate in in mollusks. 

To better understand the mechanism that regulates shell formation, we investi- 
gated whether POU family members are involved in biomineralization of the pearl 
oyster. We isolated and cloned a member of the POU family, Pf-POU3F4. The full- 
length Pf-POU3F4 cDNA is 1961 bp long (GenBank accession number KM519606) 
and comprises a 5’ UTR of 137 bp, an ORF of 1233 bp that encodes a protein of 
410 amino acids with a predicted molecular mass of 45.7 kDa and an estimated 
isoelectric point of 7.19 and a 3’UTR of 591 bp. Functional domain analysis revealed 
that Pf-POU3F4 has a POUS domain and a POUH domain; these domains play 
important roles in the function of POU family members as transcription factors. 

POU3F4 has been reported that it mainly participates in the regulation of neural 
stem cell and hypothalamus differentiation and inner ear development [87]. Unex- 
pectedly, our results indicated that Pf-POU3F4 directly binds the promoters of the 
Aspein and Prismalin-14 genes to enhance their transcriptional activities (Fig. 6.52) 
and that Pf-POU3F4 knockdown leads to a decrease in Aspein and Prismalin-14 
gene expression (Fig. 6.53). These results provide a new perspective and also 
suggest that the mechanism of shell formation in the invertebrate pearl oyster has 
some unique features in addition to its similarities with bone and teeth formation in 
mammals. 

According to its structure, initially, the ATGCAAAT motif was considered to be 
a conserved DNA-binding site for this POU domain family, with the POUs and 
POU, domains associating with the ATGC and AAAT regions, respectively 
[89]. However, this family of POU domain proteins was subsequently shown to 
recognize diverse DNA sequences due to the structural flexibility of the bipartite 
POU domain, which permits flexible interactions with DNA [87, 90]. In addition, 
there has been very little research on the proteins of the POU domain family in 
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Fig. 6.52 Transcriptional activities of the Aspein and Prismalin-14 gene promoters in HEK-293 T 
cells 


mollusks. Thus, it is difficult to predict the potential binding sites for Pf-POU3F4 in 
the Aspein and Prismalin-14 gene promoters. In our study, two binding sites for 
Pf-POU3F4 in the Prismalin-14 gene promoter and one region including three sites 
in the Aspein gene promoter were identified experimentally (Figs. 6.54 and 6.55). 
Experiments using truncated mutants of the Prismalin-14 promoter suggested that A/ 
T-rich sites might be high-affinity binding sites for Pf-POU3F4, roughly coinciding 
with the binding sites for the POU, domain in mammals. The DNA-binding sites of 
Pf-POU3F4 do not contain strictly conserved ATGCAAAT motifs. The multitude of 
roles played by POU domain family members in various processes related to 
biomineralization in invertebrate mollusks may be related to the diversity of their 
binding sites due to their flexible structures. 

In sum, a POU family member, POU3F4 homolog, and the promoters of two 
matrix protein genes, Aspein and Prismalin-14, were cloned and identified in the 
pearl oyster. Interestingly, we observed that Pf-POU3F4 significantly enhanced the 
promoter activities of the Aspein and Prismalin-14 genes. Next, we identified the 
binding sites of Pf-POU3F4 in the promoters of the Aspein and Prismalin-14 genes. 
These results indicate that the transcription factor Pf-POU3F4 regulates the expres- 
sion of the matrix protein genes Aspein and Prismalin-14 in the pearl oyster. 


6.7.3 Pf-AP-I1 Activates Transcription of Multiple Biomineral 
Proteins 


Activator protein-1 (AP-1) is a ubiquitous and important transcription factor that 
participates in many physiological processes. AP-l is a homodimeric or 
heterodimeric protein consisting of Jun family members (Jun, JunB, and JunD) 
and Fos family members (c-Fos, FosB, Fral, and Fra2), and all of these members 
have a conserved bZIP domain [91]. AP-1 interacts with other bZIP proteins or 
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Fig. 6.53, RNAi 
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cofactors and regulates cell differentiation, cell cycle progression, apoptosis, tumor- 
igenesis, and bone mineralization [92]. The regulatory ability of AP-1 is cell- or 
tissue-specific. 

Most studies on AP-1 have focused on mammals and model organisms. They 
demonstrated that Jun/AP-1 is a key transcription factor during bone formation and 
reconstruction. Jun/AP-1 and its phosphorylated form are essential for efficient 
osteoclastogenesis [93]. Jun/AP-1 is recruited and activated by the receptor activator 
of nuclear factor kappa-B ligand (RANKL) in osteoclast precursors [94]. In addition, 
the signaling pathways mediated by RANK/AP-1 are critical for osteoclastogenesis 
[95]. In mollusks, most studies on molluskan AP-1 have focused on immune 
function. Though human AP-1 has been reported with regulatory function in 
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Fig. 6.54 Pf-POU3F4 directly binds to the —181 to —77 bp region of the Aspein gene promoter, as 
determined by EMSA. (a) Sequences of three probes, ASB1, ASB2, and ASB3, for the —181 to 
—77 bp region of the Aspein gene promoter. (b) EMSA results for the three probes 


P. fucata matrix protein transcription in vitro [96], the existence and sequence of 
AP-1 homologs in P. fucata remain unknown, and more importantly, the function of 
P. fucata AP-1 protein in vivo had little been illustrated yet. 

We isolated the cDNA of the c-Jun homolog by PCR and named it Pf-AP-1. The 
cDNA was 1361 bp long, with a 51 bp 5’-untranslated region (UTR) and a 380 bp 3’ 
UTR with a poly-A tail (GenBank accession No: KP347629). The open reading 
frame (ORF) was 930 bp and encoded a 309-amino acid (aa) bZIP family protein. As 
a hallmark, a base domain and a leucine zipper were identified in the C-terminal 
region (aa 230-293), which is highly conserved among mammals. Many of the 
modified Pf-AP-1 residues were highly conserved compared with those of human 
AP-1, particularly residues phosphorylated by p21 protein-activated kinase 
2 (PAK2; aa 7, 76, and 80), MAPK8 (aa 51 and 61), polo-like kinase 3 (PLK3; aa 
51 and 61), dual-specificity tyrosine-(Y)- phosphorylation-regulated kinase 
2 (DYRK2; aa 221), and glycogen synthase kinase 3-beta (GSK3-B; aa 217 and 
221), whereas aa 44 may be a potential acetylation site. Thus, Pf-AP-1 was very 
similar to homologs of other species. 

As shown in Fig. 6.56, the bivalve mantle, which is the most important biomin- 
eral tissue, expressed the highest levels of Pf-AP-1. Similar results have been 
reported for Crassostrea hongkongensis and Haliotis discus discus, suggesting a 
potential relationship between Pf-AP-1 and biomineralization. The significant pos- 
itive correlation we found between Pf-AP-1 and N19, Prisilkin-39, Pearlin, and 
KRMP suggests a biomineral protein transcription-regulating function for Pf-AP- 
1. The results of in situ hybridization showed that Pf-AP-1 had a strong expression in 
inner epithelial cells of outer fold and the outer epithelial cells in the mantle, 
suggesting that Pf-AP-1 had similar location with matrix proteins and might have 
important function in regulating matrix proteins. 
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Fig. 6.55 Pf-POU3F4 directly binds to two sites of the Prismalin-14 gene promoter, as determined 
by EMSA. The EMSA results for the first site (—359 to —337 bp) of the Prismalin-14 gene promoter 
are shown in the upper panel, and those for the second site (—100 to —73 bp) are shown in the lower 
panel 


The luciferase reporter assay results (Fig. 6.57) showed transactication ability of 
Pf-AP-1 to matrix proteins in vitro. And the luciferase reporter assay results of 
Pearlin promoter 5’ deletion confirmed the Pf-AP-1 regulation ability to matrix 
protein and suggested potential functional site in regions —191 to —81 bp in Pearlin 


6.7. Transcription Factors 639 


a b 


-o 
——————— 


gill adductor foot gonad mantle viscera 
muscle 


OPf-AP-1 


soa 8 & 6 


Relative gene expression 





ao R 


gill adductor foot gonad mantle viscera 
muscle 











c N19 d Prisilkin39 
12 R=0.73 E12 R=0.71 
z P=0.00189** a P=0.00316** 
g 1- è £ 1 æ 
3 M 
é 0.68 e 0.8 
5 06 g 0.6 
2 3 
= 0.4 e 04 
E 02 2 02 
Z i T 
0 } E 0 
o 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 
PI-AP-1 relative gene expression Pi-AP-1 relative gene expression 
e Pearlin f KRMP 
10 R=0.59 = 25 
$ P=0.0215* 5 
2 2 2 
a a 
S š 
2 241.5 
a a 
S 5 0.5 
5 
Li k, 
0 0.2 04 0.6 0.8 1 12 0 02 0.4 0.6 0.8 1 12 
PEAP-1 relative gene expression Pi-AP-1 relative gene expression 


Fig. 6.56 (a) Tissue distribution of Pf-AP-1 gene expression in P. fucata. Relative Pf-AP-1 mRNA 
expression in tissues was assessed by semiquantitative and qRT-PCR analyses. (b) Detection of 
Pf-AP-1 mRNA in the mantle of P. fucata by in situ hybridization. OF Outer fold, MF Middle fold, 
IF Inner fold. The lower left showed the enlargement of the box in the upper. The lower right 
showed the control section stained with the sense probe. (c-f) Relevance of Pf-AP-1 and N19, 
Prisilkin-39, Pearlin, and KRMP mRNA expression in normal oyster (n = 15), respectively, as 
analyzed by t-test 
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Fig. 6.57 (a) Western blot assay of Pf-AP-1. (b) Luciferase reporter assay to assess the ability of 
Pf-AP-1 to activate transcription of the KRMP, Pearlin, and Prisilkin-39 promoter. (c—e) Luciferase 
reporter assay to assess the ability of different concentrations of Pf-AP-1 to activate the transcription 
of KRMP, Pearlin, and Prisilkin-39. (f) Luciferase reporter assay of Pearlin promoter deletion 
variant in the presence or absence of Pf-AP-1. (g) Putative AP-1 binding sites in Pearlin promoter 
predicted by Transcription Element Search System (TESS). Putative binding sites were boxed 


promoter. TESS analysis showed that there were 5 putative AP-1 binding sites in this 
region. However, this analysis was made based on the AP-1 binding sites of human 
but not on the mollusks. Whether the promoter of mollusk had conserved transcrip- 
tion regulation binding motif with those in mammals had not been reported. So 
further studies were needed and were in process. The AP-1 inhibition experiment 
supported the transactivation ability of Pf-AP-1 to KRMP, N19, Pearlin, and 
Prisilkin-39 in vivo, according to Fig. 6.58. And the nacrein had no response to 
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Fig. 6.58 Relative mRNA expression of matrix proteins under AP-1 inhibitior. qRT-PCR analysis 
was performed to evaluate the expression of each gene with or without the AP-1 inhibitor SR11302. 
(a-e) Relative expression of KRMP, N19, Pearlin, Prisilkin-39, and nacrein mRNAs 


AP-1 inhibitor. This result supported that nacrein had no correlation with Pf-AP-1 
and that the transcativartion ability of Pf-AP-1 was gene specific. 

The shell regeneration experiment is a routine method to study the physiological 
activities during shell repair and formation. We found increased Pf-AP-1 expression 
from 4h to 1 day after shell notching in the shell regeneration experiment (Fig. 6.59). 
This finding may have been due to stimulation from injury that caused an immune 
reaction. The shell resists attack from external parasites or pathogens. Previous 
studies have reported that the mantle probably participates in immunity. As a 
response to bacterial infection, the expression of immune-related factors in the 
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Fig. 6.59 Relative mRNA expression of Pf-AP-1 and biomineral proteins during shell regeneration 


mantle had an increase in 48 h after bacterial challenge [97]. These results suggest 
that increased Pf-AP-1 expression in the mantle is due to the immune response and 
shell repair following activation of biomineral protein transcription. We found a 
linear increase in Pf-AP-1 expression on days 5-9 after notching. A similar pattern 
was observed for Prisilkin-39 and nacrein expression. This period is a rapid shell 
regenerating stage, in which Pf-AP-1 may specifically activate several biomineral 
proteins. Pearlin expression increased from day 7 rather than from day 5, which may 
have been due to a transcription regulation delay. The KRMP expression pattern was 
less similar to that of Pf-AP-1 than the other abovementioned proteins. Thus, other 
more specific or unknown but important transcription factors may regulate the 
expression of these proteins. Nevertheless, the transactivation ability of AP-1 had 
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a strong time-space specification and was cell- and tissue-specific, so it may show 
that a gene regulated by Pf-AP-1 in one physiological process has no response in 
another process. Thus, Pf-AP-1 may regulate different biomineral proteins by 
forming different AP-1 dimeric proteins and interacting with diverse coactivators 
or cofactors during the different biomineralization processes. 

In conclusion, Pf-AP-1 had a highly conserved structure with known AP-1 family 
members and was highly expressed in tissues that were important during biominer- 
alization. Pf-AP-1 expression was positively correlated with that of several biomin- 
eral proteins, which suggest that Pf-AP-1 is an important transcription factor that 
regulates several biomineral proteins and participates in several biomineralization 
processes in the bivalve P. fucata. 


6.7.4 Pf-YY-1’s Role in Biomineralization 


YY-1 (Yin Yang-1) belongs to the zinc finger protein family, with four C2H2-type 
zinc fingers at the C-terminus, possessing a sequence-specific DNA-binding and 
repression abilities: both the C- terminus and N-terminus have transcriptional acti- 
vation domains [98]. YY-1 is a well-studied transcription factor in mammals, 
especially in humans and mice. Y Y-1 is universally expressed in most human tissues 
(GEO: GSE2361), and it has multiple functions, including activation, repression, or 
initiation transcription in different tissues and under different stimulations, 
depending on the cofactors it recruits [99]. Interestingly, several studies showed 
that YY-1 could regulate gene transcription during bone formation in mammals. 
YY-1 binds to and activates the Collal proximal promoter, integrating an upstream 
enhancer function with the core promoter [100]. Y Y-1 induces histone deacetylation 
by recruiting histone deacetylase, resulting in decreased expression of the cartilage- 
specific gene chondromodulin-1 in mesenchymal stem cells [101]. YY-1 also 
interacts with Runt and the C-terminal domain of Runx2 to inhibit Runx2’s tran- 
scriptional activity, causing repression of osteoblast differentiation mediated by 
BMP-2 [102]. Meanwhile, YY-1 also affects cancer and nervous system develop- 
ment by activating and repressing related gene expression [103, 104]. YY-1 is 
conserved in many species, and we hypothesized that if this were the case in 
P. fucata, it would suggest that YY-1 was also involved in biomineralization. 

We cloned and reported a cDNA encoding an YY-1 homolog from P. fucata, 
termed Pf-Y Y-1 (GenBank accession no: KM502551). Meanwhile, we also identi- 
fied another isoform (GenBank accession no: KM502552), which is slightly longer 
and contains two insertion fragments. The putative Pf-Y Y-1 protein has a classical 
zinc finger domain comprising four C2H2-type zinc fingers. 

Compared with YY-1 s from model animals, Pf-YY-1 has some differences; 
however, its C-terminal is very similar to those from other species. The identity of 
the whole YY-1 from P. fucata vs human or mouse is 54%; P. fucata vs Xenopus 
laevis is 62%. By contrast, the identities of the conserved region (C-terminus zinc 
fingers) from P. fucata vs human, mouse, or X. laevis are all 99%. Pf-YY-1, like the 
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Fig. 6.60 Tissue distribution of the YY-1 gene transcript in Pinctada fucata. (a) Relative expres- 
sion of Pf-Y Y-1 mRNA in tissues from P. fucata as assessed by semiquantitative RT-PCR analysis. 
(b) Relative expression of Pf-YY-1 mRNA in tissues from P. fucata as assessed by qRT- PCR 
analysis 


YY-1 s from nonmammalian species, does not have the 11 consecutive acidic amino 
acid repression domains. In addition, Pf-YY-1 and Cg-YY-1 do not have the 
interesting GGKKSGK or GAGAAG sequence motif that exists in most vertebrate 
YY-1s. This suggested that Pf-Y Y-1 has relatively weak repression ability or it may 
possess another motif with that function. The whole sequence of Pf-Y Y-1 1s more 
similar to vertebrate YY-1 s than in- vertebrate YY-1 s, which suggested that the 
function of Pf-Y Y-1 resembles more that of the vertebrate YY-1 s. 

Semiquantitative RT-PCR and RT-PCR showed that Pf-Y Y-1 was ubiquitously 
expressed, and its expression pattern was similar to that in humans (GEO: GSE2361) 
according to Fig. 6.60. Considering the importance of the gill to the mollusk and its 
complex digestion activity, we hypothesized that the high expression in the gill and 
viscera was related to the multiple physiological activities in these organs. The 
highest expression level in the mantle suggested that YY-1 might be involved in 
matrix protein expression and contribute to the regulation of biomineralization. 

We also found that the matrix protein mRNAs showed a similar transcription 
pattern to Pf-Y Y-1 (Fig. 6.61). Previous studies in higher organisms described the 
activation of transcription by YY-1 using three different models: through direct 
interaction with general transcription factors, by inhibiting repressor activity and/or 
unmasking activation domains, and by recruiting co-activators. Thus, we 
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Fig. 6.61 Relative mRNA expression of Pinctada fucata YY-1 and matrix proteins during pearl 
sac development. qRT-PCR was performed to analyze the expression of each gene at different 
developmental stages. The abscissa shows the days after implantation. (a, b, c, d, and e): the relative 
expression levels of Pf-Y Y-1, Prisilkin-39, ACCBP, Pif80, and Aspein mRNAs in the pearl sac, 
respectively 


hypothesized that the delay of matrix protein expression change in the first stage of 
pearl formation may reflect the different ways in which Pf-YY-1 regulates their 
transcription. In the second stage of pearl formation, the formation of the organic 
framework has been completed, and Pf-Y Y-1 may activate matrix protein expression 
to adapt the fast aragonite deposition. 

In summary, we report a gene encoding an YY-1 homolog (designated Pf-Y Y-1) 
from the P. fucata cDNA library. Sequence alignment and bioinformatics analysis 
indicated that it has a conserved DNA-binding domain with a typical zinc finger 
motif. Pf-YY-1 has high similarity to that of C. gigas and that the YY-1 protein 
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homologs are similar and conserved from invertebrates to vertebrates. The tissue 
distribution of the gene transcription showed that Pf-Y Y-1 is ubiquitously expressed 
in adult P. fucata. In the different stages of pearl sac development, the expression of 
Pf-Y Y-1 displayed a distinct pattern that correlated with multiple matrix proteins. 
These results indicated that Pf-YY-1 might play a role in many physiological 
processes especially biomineralization in P. fucata. The transcriptional activity of 
Pf-Y Y-1 in biomineralization requires further investigations. 


6.7.5  Pf-Sp8/9 Involved in Mantle-Related Physiological 
Activities 


Specificity proteins (Sp) are members of the classical zinc finger transcription factor 
family. All Sp proteins have a highly conserved DNA-binding domain with three 
continuous zinc finger domains in their C-terminus. Sp] was the first transcription 
factor to be identified and cloned in mammals [105]. Other mammalian Sp proteins 
have been identified and cloned according to their conserved zinc finger domains, 
and further studies have described their essential functions. Sp8 affected the growth 
of limbs and tail, as well as closure of the neuropore in mice [106]. Sp8/9 homolog 
identified in beetle had a function similar to the mouse Sp8 [107]; mouse Sp9 also 
affected the growth of limbs and was shown to be regulated by the fibroblast growth 
factor Fgf10. However, studies on Sp family members in invertebrates are limited. 

We cloned and identified a Sp gene from P. fucata, in which the complete mRNA 
(GenBank: KR057959) was 2343 bp long, with a 749 bp 5’ UTR, a 385 bp 3’ UTR 
with a poly-A tail, and a 1209 bp ORF encoding a 402 aa protein. Analysis of the 
translated protein sequence showed that it was a Sp8/9 homolog. The predicted 
Pf-Sp8/9 sequence shared high similarity with Sp8—9 proteins from six model 
organisms, and the BTD-box and three continuous zinc fingers were highly con- 
served. Studies on Sp protein zinc fingers have revealed that the conserved amino 
acids KHA, RER, and RHK in the three zinc finger motifs are responsible for 
ecognizing DNA sequences and interacting with DNA fragments. These amino 
acids are highly conserved across species and were also conserved in the Pf-Sp8/9 
sequence. In addition, the core cysteine and histidine residues that interact with zinc 
ions and the residues that formed the a-helixes and b-sheets were identical in all the 
tested species. Interestingly, the Sp-box, which is conserved only in mammals, was 
absent in Pf-Sp8/9, as well as in G. gallus, X. laevis, and D. rerio. We have shown 
that Pf-Sp8/9 contains the highly conserved DNA-binding and transcription regula- 
tory motifs found in other known Sp8/9 proteins, implying that Pf-Sp8/9 may have 
similar functions to other Sp8/9 proteins. The luciferase reporter assays supported 
the transactivation ability of Pf-Sp8/9 and the possible interaction between Pf-Sp8/9 
and the promoters of the genes encoding matrix proteins (Fig. 6.62). 

The high Pf-Sp8/9 expression levels in the mantle tissue suggest the potential 
function of the encoded protein in physiological processes in the mantle (Fig. 6.63). 
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Fig. 6.62 Luciferase reporter assay to assess the ability of Pf-Sp8/9 to activate transcription of the 
genes encoding Pearlin, Prisilkin-39, and KRMP. The Flag-pcDNA3.1 vector was used as a blank 
control. HEK293T cells were transfected with Flag-Sp8/9-pcDNA3.1 with gradients of 50 ng, 
100 ng, or 150 ng. The results were analyzed by the unpaired two-tail student’s t-test. *P < 0.05, 
**p < 0.01 
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Pf-Sp8/9 expression was significantly induced after implanting artificial nuclei to 
produce pearls (Fig. 6.64). Because the pearl sac proliferates from mantle fragments, 
the high Pf-Sp8/9 expression level may be related to proliferation of the mantle 
tissue. However, because the artificial nucleus is foreign to the oyster and may 
induce an immune response, that may activate Pf-Sp8/9 expression during early 
pearl sac development. Thus, the high Pf-Sp8/9 expression levels during the early 
stage of pearl development may be a result of complex interactions among several 
factors. However, we found that Pf-Sp8/9 expression increased rapidly during the 
late stage after day 25 when the immune response would have been completed, the 
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Fig. 6.64 Relative mRNA expression levels of Pf-Sp8/9 and genes encoding biomineral proteins 
during pearl sac development. (a—d) Relative Pf-Sp8/9, Aspein, Pearlin, and Pif80 mRNA expres- 
sion levels in the pearl sac 


pearl layer appeared on the surface of the artificial nucleus, and aragonite was 
deposited with accurate regulation by the matrix proteins. At this stage, high 
expression of matrix proteins is required, and the pearl sac is actively involved in 
the secretion of these proteins. The increase in Pf-Sp8/9 expression at this late stage 
was synchronized with the reported increased abundance of the matrix proteins 
Aspein [108], Pearlin [109], and Pif 80 [110], suggesting that Pf-Sp8/9 may be 
adapted to the physiological activity in the mantle with the potential to regulate the 
transcription of genes encoding the matrix proteins. 

In conclusion, we identified the first Sp protein family member in P. fucata, and 
its alignment with Sp proteins from other organisms showed that it was a Sp8/9 
homolog; therefore, we named it Pf-Sp8/9. Pf-Sp8/9 expression was high in the 
mantle compared with other tissues and was upregulated rapidly during the late stage 
of pearl sac development, which seemed to be synchronized with the secretion of 
some matrix proteins. Pf-Sp8/9 also showed the potential to regulate transcription of 
a number of matrix proteins. So it is suggested that Pf-Sp8/9 is associated with 
physiological processes that occur in the mantle and may participate in biomineral- 
ization in P. fucata. 

This work was modified from the papers published by our group in Acta 
Biochimica et Biophysica Sinica (Wu Xi et al., 2007, 39 (7): 533-539; Zhou Y 
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et al., 2008, 40 (3): 244-252), Developmental & Comparative Immunology (Xiong 
Xunhao et al., 2008, 32 (1): 15-25), PLOS One (Sun Juan et al., 2015, 10 (7): 
e0131711), Progress in Biochemistry and Biophysics (Zhou Y et al., 2010, 37 (7): 
737-146), Comparative Biochemistry and Physiology Part B: Biochemistry and 
Molecular Biology (Chen L et al., 2004, 139 (4): 669—679; Chen L et al., 2005, 
142 (2): 142-152; Zhou Y et al., 2010, 156 (3): 158—167; Gao J et al., 2016, 196: 
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Chapter | Primer name Primer sequence 
6.3.2 5'-GSP1 TTATGGGGGTGGGGGTCGTATGGTGTGT 
5'-GSP2 TCTTCTCATTTGTGCTGCTCTCC 
3'-GSP GCTAAAGGTGGAGATGAGGTGTT 
sense AACAACACTGGAAAGCCCAGACT 
antisense ATGCCATTGAGATGAGGGGGAAT 
RT-FP AGCAGCACAAATGAGAAGAA 
RT-RP TCCCAAATAGTATCACCAGAGC 
CCGACAAAGGTGCGTAGGTGATGTGATT 
3 CCTGGAGAAGAAGATTGGGTGG 
FLGSPF GGCACAATTTAGGTGGAACGATCA 
FLGSPR GCTTTCTCTCTCTCTCTCTCTCATC 
EPF CCGGAATTCGGATGGCAGTCAATAGTAAAG 
P CCGCTCGAGCTATCAGGTATTGTCTAACGGTG 
RTGSPF AAGCAGTAGTAATCCTGGTAG 
RTGSPR GTGTATTCGTCTTGTTCCCT 
6.3.4 Nacrein-F GGGGTACCTGAGTATCGACGAGAAACGCTTA 
Nacrein-R CCCAAGCTTCAGTCAAATGAAGATACATCACC 
Rel-exp-F GCGAGCGAGCGGTGACTTA 
Rel-exp-R GCACAGGCGCACACATACG 
Sense-Rel CATCCCCGGGGAGAGCAGCAC 
Antisense-Rel GTGCTGCTCTCCCCGGGATG 
Nacrein-RT-F GGCTTTGGCGACGAACCGGA 
Nacrein-RT-R ACACGGGGGAGTGGTCAGGG 
Rel-RT-F CTCGAGTGAAAGCTTCAACA 
Rel-RT-R CGAGCTATACGAGCACGCAGC 
actin-RT-F CTCCTCACTGAAGCCCCCCTCA 
actin-RT-R ATGGCTGGAATAGGGATTCTGG 
KBWTL-S5 GATCACTGCAACAGGGTCTGGTTGGAGATCCCCTCCCTTCTTGTAAGA 
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Chapter Primer sequence 
/ | AGTTGAGGGGACTTTCCCAGGC 

6.4.2.1 | ARI GGSACDGGVTCCTGGACNCAG 
AR2 GAGCCATGTAACGTTTGGTTCC 
CTTTGGAGATAATCATATAATGACCCG 
TIGTTACGTCACGACTCGATCCTGGG 
CGGAAAGTGGAAAAATAGATTACGG 
TATCAACGCAGAGTACGCGGGGAG 
CTGAGCTTCAAATTCAGTACCGTGG 
AR3 CGAGGTGTAGGGTGTITIGTGTTC 
AR4 TAGGTTTTCCTGGCTCTCTTGTCG 
SBI TATTGAAGCACCAGTGTTGCCTCC 

B TCTAAAGGTGGGCTTGGTGAAACG 

RTRELI AGCAGCACAAATGAGAAGAA 
RTREL2 TCCCAAATAGTATCACCAGAGC 
RTIPF AAGCAGTAGTAATCCTGGTAG 
RTIPR GTGTATTCGTCTTGTTCCCT 

6.4.2.2 | BMPRIB-GSP1 TACAGTAATCCTCGTCATCACAGCAC 
BMPRIB-NGSP1 | GAAGTTGTTGTATTGCTGATCTGGGATTAGC 
BAMBI-GSP1 GCAATAGGGCCTCCATAAACTGTCAACC 
BAMBI-NGSP1 TCCATAAACTGTCAACCCCCTCGTCCC 
RT-PfACTIN-F TACCGCCGCGTCATCATCAT 
RT-PfACTIN-R TGCCTCGGGACATCTGAACC 
RT-PfBAMBL-F ACTGTACAAGGAAGGCGTGTCAC 
RT-PfBAMBI-R GAGCTGGCATTTGTTTGGACGTG 


RT-PfBMPRI1B-F GCACATAACACACGGCAAGGAAC 
RT-PfBMPR1B-R TCTGCTTGTCGGTAGGCTTCAAA 
RT-KRMP-F GAATGAAGTTCGCCGCTGTT 
RT-KRMP-R TTCCAATCCCARGGRTGACA 
RT-PRISMALIN1I4- | AAAGAAATACTTAACTGGTGCTA 


RT-PRISMALIN14- | CATGAGCAGCCCGGGTC 


RT-PIF-F TGCTGCCATCACGTGAGTATG 

RT-PIF-R GACTTCCCTTTCTCACACTTCCA 

RT-MSI60-F GAACAATGACTGGAATGACA 

RT-MSI60-R GGAAAGGTATCCAATAACAAC 

ISH-BAMBI-F GAGAAGAGGTGCTACTGC 

ISH-BAMBI-R GCTGGATTCTGCTTCTCG 

ISH-BMPRIB-F GAGTGCTGTGATGACGAGGATTAC 

ISH-BMPRIB-R TTGATTCACTTATATATCGCACTGC 

RNAi-BAMBI-F GCGTAATACGACTCACTATAGGGAGATGCGATGTTGTAAAGAGGA 
RNAi-BAMBI-R GCGTAATACGACTCACTATAGGGAGATTTCACGACGGATTTGTAT 
RNAi-BMPRIB-F GCGTAATACGACTCACTATAGGGAGACTGGCGACTCAATGTCTCAA 
RNAi-BMPRIB-R GCGTAATACGACTCACTATAGGGAGACTGGCATTGGTGTTGTTGAC 
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Chapter | Primer name Primer sequence 
BAMBI-EcoRI CGGAATTCATGGAGGCCCTATTGCTTC 
BAMBI-Pstl AACTGCAGCTATACAGAAGCCACCAAGTC 
BMPRIB-EcoRI CGGAATTCATGGCAGACCTCTGCTGG 
BMPRIB-PstI AACTGCAGCTAGCTTTCTCCGGGTTTTATGAC 
BMPRI1B-BamHI CGGGATCCCTAGCTTTCTCCGGGTTTTATGAC 
SMAD1/5/8-Clal CCATCGATATGAGTTCACCCATCTCC 
SMAD1/5/8-BamHI | CGGGATCCTCATGATACAGATGAAATTGGG 
BMP2-Clal CCATCGATATGATTTACGGATTTGGACATTACC 
BMP2-BamHI CGGGATCCCTACCGACATCCGCATCC 
SMAD4-EcoRI CGGAATTCATGTTTCGGTCTAAAAGATCTACCCTC 
SMAD4-BamHI CGGGATCCTCACCTGTGGACGTTCAATAAAATTTC 
6.4.4.1 | SD5-1 GCAAACTCCTGATTGTTAAATATC 
SD5-2 GCATGAAATGGTTCTCCAACACG 
SD3-1 GGTGCTCGATAGCTTACTATGAGC 
SD3-2 CAGTCTGCAAAATACCCCCAGG 
Smad-cf1 AATCGTCGTTTTGTTCTCTTCTAG 
Smad-cf2 CGGTATCAGTCAATATCACACAG 
B1 TATTGAAGCACCAGTGTTGCCTCC 
B TCTAAAGGTGGGCTTGGTGAAACG 
SIL TTCCCCATTTACTCCACCCATC 
GCAACACTGGTGCTTCAATACGA 
Pf-engrailed-ES1 CGGCATTCTCTAACGATCAGC 
Pf-engrailed-ES2 CCATGAGATGTAACGCTAACAAG 
Pf-Smad3-SB 1 TTCCCCATTTACTCCACCCATC 
Pf-Smad3-SB2 TCGTATTGAAGCACCAGTGTTGC 


Pf-BMP2-BMP2F GCGGTCGAAGAACTAAAA 
Pf-BMP2-BMP2R ATCCGCATCCTTCAACAA 

6.5 | BCAT-3F1 CGAGGAATGAAGGGGTTGC 
BCAT-3F2 TCACGGTAGTCAGGGAAGCAT 
BCAT-5R1 GGGTGGAGGGGATGGGTAC 
BCAT-5R2 CGGCGTGTATGCCTGTTCT 
BCAT-5 ACAAATAAGGAACCACCAAGATG 
BCAT-3 CATGGTTACAGAAGTGGAATATCC 
DVL-3F1 CCCCTCAGCCTGGGTAGCA 
DVL-3F2 GAAAGACTCCGCTGAAACTCC 
DVL-5R1 CCAGCACTTGGCAACGACT 
DVL-5R2 TGATGTGCGGTTTGTGGTGT 
DVL-5 AATCGGACGCCATTTTACATCA 
DVL-3 TT'GCGGTACTGCGTTGAGGT 
TCF-3F1 GGGAATCCACCAGAAGACAAA 
TCF-3F2 AAAGAAGTGCGAGCCCAAGT 
TCF-5R1 TGGGCTCGCACTTCTTTCAT 
TCF-5R2 ACATCAAGCCTGGGTGGG 
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Chapter Primer sequence 
TIGTTTTTAACTTTGACAATGCCG 
AATGTCTACTACCGTTGCCATGTTC 
AACCATTCTACAAGCAGGCGATA 
TCCCTCAGTGGTGCGTGGTTAG 
TATTAGCAGGGCTTCGTCATTCA 
CCCGTCTCCTCCTITGTTACTCT 
TGAAGGCGAGGAAGAGCAGA 
CCCAAGGGAGAAGATCCATTAGG 
CTCCTCACTGAAGCCCCCCTCA 
ATGGCTGGAATAGGGATTCTGG 
AGGACCTCGGTTICTATTITTGTTGG 
TITCACCTCTAACACCGCAATACC 

6.6.2 GTACA GGGGGATTCAGTGTGCTCATGG 
CATGAGCACACTGAATCCCCCTGTACC 
CGCGGATCCATGGGATGTTTTAAGCCTAAGGGAG 
CCGCTCGAGCTATCACAGAAGCTCGTATTGTCGCAG 

6.6.3 CCTGTAAATGCTGTCGTCTGCTGACCT 

6.7.2 GCCATCCGCCCAAGAAAT 
ACCAAATGGAGAACTGCTGATG 
CCTGTGGTCGAGTCCGCTTCTTCAA 
CCAGGAATCACCGCCCGTAATCG 
AATAAGCCAGGACCAAGTAAAGG 
CATTCCCAACACCTTACTTTCTG 
GGGATAGCCATICTTATGTGTCT 
AGCATCACTGGGCTCCGATA 
ACTACAGCACCAGCGGCAG 
GGGACACAGTCCCAAAGAAATAC 
AACAAACATGAGCAGCCCG 
GATTCGCTGGATTCCGCTA 
TGACATCAGAAACGAATAAACAGGA 
TATCAGCATTTCCTTGAGCAGCCAT 
ACAATACCAAACAAACGAAATCACT 
GTCCGTTACCGAAAGCGAAAGA 
TAACTGACAAGGATCGGGCTAG 
CTAGAGCGTGCTTTGTGGAACT 
TCGGATGCCCTGTAGAGT 
AATCACTTACAAGTAACGCTTA 
CACAAGCAGCTAAGGCAAGGA 
GAATGGAAATGTAGCACCTGTTGAT 
GCTTGCCGAAAATCTITTACGA 
AAGGCTTCTGCGGGGTIT 
TCGAACTCCGGTGCCAGAG 
CTCCGATTTCCGCCCCTC 
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Chapter | Primer name Primer sequence 
POU2FI1-R GCTAGAATGATTTGTCCGTTAGTCG 
POU3F4-F AGATGTGGGACTTGCTTTGGG 
POU3F4-R TTCTTTCGCTTTCTACCTTGTGC 
AS-F GAAGGGGATAGCCATTCTTATGTG 
AS-R GCATCACTGGGCTCCGATACTA 
P14-F CTATTTCCCGCGTTTCTCCTATC 
P14-R TCCTCCGTAACCACCGTTAAATC 
actin-F CTCCTCACTGAAGCCCCCCTCA 
actin-R ATGGCTGGAATAGGGATTCTGG 
18S-F AGGACCTCGGTTCTATTTTGTTGG 
18S-R TTTCACCTCTAACACCGCAATACC 
dsPOU3F4- IF GGATCCTAATACGACTCACTATAGGTTGGCGGA CCCTACTCA 
dsPOU3F4- IR CTTCTTTCGCTTTCTACCTT 
dsPOU3F4- 2F TTGGCGGACCCTACTCA 
dsPOU3F4- 2R GGATCCTAATACGACTCACTATAGGCTTCTTTCG CTTTCTACCTT 
dsGFP-1F GGATCCTAATACGACTCACTATAGGATGGTGAG CAAGGGCGA 
dsGFP-1IR ACTTGTACAGCTCGTCCATG 
dsGFP-2F ATGGTGAGCAAGGGCGA 
dsGFP-2R GGATCCTAATACGACTCACTATAGGACTTGTAC AGCTCGTCCATG 
P14B1F GTCAAAATTGCAAATTTAATTAGATTCAAAAAC GCACGG 
P14BIR CCGTGCGTTTTTGAATCTAATTAAATTTGCAATT TTGAC 
P14B1WTF GTCAAAATTGCAAATGGAAGGAGAGGCAAAA ACGCACGG 
P14B1WTR CCGTGCGTTTTTGCCTCTCCTTCCATTTGCAATT TTGAC 
P14B2F GATTAGACTATAATTAATTTTAATTATTCTGTGCA ATAT 
P14B2R ATATTGCACAGAATAATTAAAATTAATTATAGTC TAATC 
P14B2WTF GATTAGACTATGGTTGGTTTTAATGGTTCTGTGC AATAT 
P14B2WTR ATATTGCACAGAACCATTAAAACCAACCATAGT CTAATC 
ASBIF TTGTCAGTTATTAAAATACCTATAACGTATTTTA ATCACAATA 
ASBIR TATTGTGATTAAAATACGTTATAGGTATTTTAATA ACTGACAA 
ASB2F TTAATCACAATATGTATGCATGATTGTTCAAAAA ATTGTGATG 
ASB2R CATCACAATTTTTTGAACAATCATGCATACATAT TGTGATTAA 
ASB3F AAAATTGTGATGTTTCCATAAATTATAGGTACTG AACCTCAAT 
ASB3R ATTGAGGTTCAGTACCTATAATTTATGGAAACAT CACAATTTT 
P14B1F GTCAAAATTGCAAATTTAATTAGATTCAAAAAC GCACGG 
P14BIR CCGTGCGTTTTTGAATCTAATTAAATTTGCAATT TTGAC 
P14B1WTF GTCAAAATTGCAAATGGAAGGAGAGGCAAAA ACGCACGG 
P14B1WTR CCGTGCGTTTTTGCCTCTCCTTCCATTTGCAATT TTGAC 
P14B2F GATTAGACTATAATTAATTTTAATTATTCTGTGCA ATAT 
P14B2R ATATTGCACAGAATAATTAAAATTAATTATAGTC TAATC 
P14B2WTF GATTAGACTATGGTTGGTTTTAATGGTTCTGTGC AATAT 
P14B2WTR ATATTGCACAGAACCATTAAAACCAACCATAGT CTAATC 
ASBIF TTGTCAGTTATTAAAATACCTATAACGTATTTTA ATCACAATA 
ASBIR TATTGTGATTAAAATACGTTATAGGTATTTTAATA ACTGACAA 
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Chapter Primer sequence 
TTAATCACAATATGTATGCATGATTGTICAAAAA ATTGIGATG 
CATCACAATTTITTGAACAATCATGCATACATAT TGTGATTAA 
AAAATTGTGATGTTTCCATAAATTATAGGTACTG AACCTCAAT 
ATTGAGGTTCAGTACCTATAATTTATGGAAACAT CACAATITT 

6.73 TCTCCKCACGTKGGKCTKCTCAARC 
CAAGTAGCWGAGCTCAARCARAAAG 
TCATCGTAGAAAGTAGTITCCAT 
GAGTGATGAAATGACGAGTTAGAATCATC 
AATGGCAATATTATGICTCTTGTTAGCAC 
CGGTGGCAAAACAAAACAGC 
TGGGGCACGGGTAAAACTT 

6.74 GGCGACACCCTCTACATTGCC 
CGACAGAAATCAAACATGGCGTC 
CCTCGTATGTGTATCCTATTAACATGGC 
TAGCAGAATTTGCTAGTCTCCAGCC 
TITTCAGTGTACGTTTGAGGGATGC 
TATACTGACACATGCAAAAGCAAATAGC 
AATTCCCCCTGGGGGAAGTITTTTCC 
CTCCCAAAGTTCCAGCCCCGAGAAG 
TGGAAGCGGTTGTAACGCTATCATAGGTTG 
CGACGCCATGTTTGATTITCTGTCGAAG 
AGCAGTGGTATCAACGCAGAG 
CCGATTCCCAAAACAGAGTAA 
CCATCGATATGGCGTCGGTTATCGGTTC 
AACCTCGAGCTATGACTCCTCGTATGTGTATCCTATTAAC 
ATCCCAAACAGTTAGCAGA 
CTTACCGCATCCCTCAA 
CTCCTCACTGAAGCCCCCCTCA 
ATGGCTGGAATAGGGATTCTGG 
AGAGGAAGATGCGTCAGTTTCAG 
GTTTGGGATCACTAAGGTCAAGG 
CTGGAATGAGAGGATATG 
TGCTGCTGTAATAACTATA 
GACATGGAACAAAGATGGTGGA 
CTGTGGCTGGAATGGTTGG 
TGCTGCCATCACGTGAGTATG 
GACTTCCCTTTCTCACACTTCCA 
TGATAGTGAAGACGATGA 
TGTCATCATCATCATCATC 

6.7.5 CTAGCCGCTCAATGTAACAAGATC 
TACSTGGCAGACCATCCAGCT 
TGGATGGTCTGCCASGTAACTTG 
CASGTAACTTGGCCATTWGGRCC 
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Chapter | Primer name Primer sequence 
sp180-5r GATCTTGTTACATTGAGCGGCTAGCATTG 
sp1705-5r CATTGAGCGGCTAGCATTGCTAATGG 
sp-85r AAGGATGGAACCCCTTCCCTACA 
sp-43r GCGGGCTTTTGTTTGTGATCTTG 
spqf CTCACGGCATCAAGTCTGAAAT 
spqr CGGACTGCTGAACGGGTAAT 
Pif-qf TGCTGCCATCACGTGAGTATG 
Pif-qr GACTTCCCTTTCTCACACTTCCA 
aspein-qf TGATAGTGAAGACGATGA 
aspein-qr TGTCATCATCATCATCATC 
Pearlin-qf TACTCATACTGCTGGATA 
Pearlin-qr TATCATCATCGGTGTAAC 
KRMP-ef1 AAAGGTACCGTACATTTTTGACATATTTTTCACACTCTTTG 
KRMP-er1 AACCTCGAGTCTGAACCTGTAGAAAAATATTATTCATTAGATTC 
pearlin-ef AAAGGTACCAAAATTACTGTGTCCAAAGG 
pearlin-er AAACTCGAGAGACAAAAGATATTTCTCTTTAACC 
p39-ef AAAGGTACCCCGTACTTCATCATTGTAGCTCCG 
p39-er AACCTCGAGGACAATTTTGTAACCTGAAACAAAG 
spef AAAGGTACCATGCTAGCCGCTCAATGTAACAAGA 
sper GGATCGATTCACTTCATAGCACGGTTATCCCTG 
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Chapter 7 D 
Ecological Study on Biomineralization geni 
in Pinctada fucata 


Abstract Pinctada fucata inhabits in tropical and subtropical seas, so the sea water 
conditions have great impacts on its growth and shell formation. To determine the 
potential effects of global climate change and the water pollution on the oyster 
growth in the near future, we have conducted a series of studies about the 
metabolism and shell formation of P. fucata under varied stressors. Various factors 
controlling biomineralization, such as genes, environmental factors, and ions that 
ocean acidification (OA), ocean warming (OW), and metal pollution have great 
effects on the metabolism, biomineralization process, as well as the immune 
defense, were pointed by our study. It was found that, during short-term exposure, 
the impact of CO, and temperature stresses was not manifested in the shell 
ultrastructure, although it affected the process of biomineralization. If the stressors 
are present in the long-term, they will have adverse results on the biomineralization 
of pearls, most likely affecting pearl quality, which results in substantial economic 
losses for the aquaculture industry. In addition, OA and OW have a great impact on 
the physiological conditions of hemocytes, including altering pH value of hemo- 
lymph and increasing the total hemocyte count, total protein content, and percent- 
age of large hyalinocytes and granulocytes, while decreasing phagocytosis ability. 
We query the metal accumulations and the corresponding enzymatic responses in 
the pearl oyster Pinctada fucata after copper exposure. We found that the gills and 
the digestive gland played different roles associated with distinct copper concen- 
trations and observed the adaptation and recovery of the oysters. Our studies have 
indicated potential implications for predictions of the effects of environmental 
changes on pearl aquaculture. Moreover, it also provides theoretical basis for 
precautions to avoid adverse impact of environmental challenges on the marine 
pearl aquaculture in the near future. 


Keywords Ocean acidification - Ocean warming - Copper - Mantle - Hemocyte 
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7.1 Introduction 


Because Pinctada fucata inhabits in tropical and subtropical seas, the water condi- 
tions have great impacts on its growth and shell formation. Therefore, the success of 
the pearl aquaculture depends largely on the finely monitored environmental param- 
eters, such as pH, temperature, and salinity. In the South China Sea (SCS), the pH 
and temperature of the surface seawater fluctuate from a maximum of 7.6 and 30 °C 
in summer to a minimum of 8.1 and 19 °C in winter [1, 2], and the large fluctuations 
in seawater pH and temperature impose demands on the ability of pearl oysters to 
adapt to these changes [3]. Beside the natural periodic changes in temperature and 
pH, P. fucata is also encountered by the detrimental effects of global warming. The 
increasing carbon dioxide (CO>) levels, mostly anthropogenically derived, has great 
impacts on the seawater conditions of the whole world [4]. The increased partial 
pressure of CO, (pCO>) has changed the dissolved inorganic carbon (DIC, the sum 
of inorganic carbon species in seawater), and then the pH value of surface seawater 
decreased, which would lead to ocean acidification (OA) [5]. What’s more, ocean 
warming emerges along with the OA. Since year 1750, a 30% increase in pCO, has 
reduced the pH of surface seawater to 8.08 on average (the preindustrial value was 
8.18). Further pH decreases of 0.3—0.5 unit concomitant with seawater warming of 
2—6 °C will occur by the end of this century [6, 7]. OA and ocean warming have the 
potential to affect the physiology and behavior of a range of organisms in marine 
ecosystems, causing by the shift in seawater chemistry and carbonate saturation [8- 
10]. Importantly, the effects of concurrent OA and ocean warming on marine 
calcifiers differ among species (adverse and/or beneficial) [11-13]. Given the 
interdependence among climate change stressors, their combined effects on marine 
calcifiers are complex and remain poorly understood. Thus, there is a critical need 
for a comprehensive understanding of the strategies used by pearl oysters to adapt to 
these changes. This is particularly important in the SCS, which is the center for pearl 
production in China and worldwide. 

Increasing evidence has indicated that OA and ocean warming does not act in 
isolation; rather, they usually interact with marine pollutants [14], salinity [13], and 
light [15]. Environmental poisoning by metals has increased in the last decades due 
to extensive use of metals in agricultural, chemical, and industrial processes that are 
becoming threats to living organisms [16, 17]. Copper is an essential element for 
bivalve development, but at elevated concentrations it is particularly toxic 
[18, 19]. As a major marine pollutant, copper induces different responses at different 
levels in the bivalves [19-22]. To determine the effect of these pollutants on 
bivalves, several strategies have been used [23]. In recent years, there has been a 
rapid development of enzyme biomarkers [24], and the changes of the key enzymatic 
activities have been employed in many bivalves [25-27]. The pearls produced by 
P. fucata contain trace metal ions, and the color of the pearls is due to trace metal 
elements in the oyster’s environment. However, the safety of the pearls produced by 
oysters in metal polluted environment was still one problem. Also, some parts of soft 
tissue such as adductor muscle have been processed for human consumption 
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[28]. The metals accumulated in them are potential poisons to the human health 
[28, 29]. Also, oysters as well as other bivalve mollusks have been regarded as ideal 
indicator organisms for the assessment of environmental pollution [30-32]. Hence 
the correlations between metals and pearl oysters need to be well studied. 

The access to the mantle transcriptomes and the draft genome facilitates the study 
on the response mechanisms of these species to environmental stressors [33]. In this 
chapter, we will focus on the impact of environmental parameters (pH, temperature, 
and copper exposure) on the biomineralization in P. fucata and provide some 
suggestions to improve the pearl aquaculture in the future. 


7.2 Materials and Methods 
7.2.1 Chemicals 


Ethylenediaminetetraacetic acid (EDTA),  p-nitrophenylphosphate (p-NPP), 
dithiothreitol (DTT), and NaN3 were purchased from Merck. Hypoxanthine, cyto- 
chrome c, reduced glutathione (GSH), B-nicotinamide adenine dinucleotide phos- 
phate (NADPH), L-3,4-dihydroxyphenylalanine (L-DOPA), xanthine oxidase, and 
glutathione reductase were Sigma products. Sephadex G-25 was supplied by 
Pharmacia. All other reagents were local products of analytical grade. 


7.2.2 Primers 


Refer to Supplementary Table 7.1 for details. 


7.2.3 Experimental Design for OA and OW Treatments 


Two individual experiments designs were applied to investigate acute short-term and 
mild long-term stressors on the oysters, respectively. Prior to the experiment, 
P. fucata was cultured at 19.0 + 0.5 °C, pH 8.1 + 0.05, and _ salinity 
33.0 + 0.5 psu in the artificial seawater (Formula Grade A Reef Sea Salt, Formula, 
Japan) for acclimation. The experiments were conducted in 50 L seawater circulation 
tanks with maintained seawater temperature and pH levels by automatically heating 
the seawater and continuously pumping a CO ,-gas mixture into the tanks. The 
oysters were daily fed with the microalgae Platymonas subcordiformis. 

For the short-term experiments, oysters of similar size (6-7 cm length) were 
subjected to varied CO, and temperature stressors. The stresses of mimicked CO, 
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and temperature for the seasonal changes in the SCS and the predicted levels were 
set for the years 2100 (pH 7.8) and 2300 (pH 7.5) and 2100 (medium level at 25 °C) 
and 2300 (high level at 31 °C). The oysters were cultured for 72 h under the 
following conditions: 19.0 °C, pH 7.8, and salinity 33.0 psu (group denoted P78); 
19.0 °C, pH 7.5, and salinity 33.0 psu (P75); 25.0 °C, pH 8.1, and salinity 33.0 psu 
(T25); and 31.0 °C, pH 8.1, and salinity 33.0 psu (T31). The control group was kept 
in 50 L tanks at 19.0 °C, pH 8.1, and salinity 33.0 psu. Each treatment was carried 
out with three replicates in three independent tanks, and each tank contained 
30 individuals. 

Mantle tissues from three randomly selected individuals in each tank were 
merged to obtain one biological replicate. For physiological and molecular analysis, 
mantles in the control and treatment groups were sampled at 0, 0.5, 2, 6, 12, 24, 
48, and 72 h, washed with sterilized seawater, and tested immediately. For shell 
analyses, the shells in the control and treatment groups were collected at 0, 24, 
48, and 72 h, washed with deionized water. Then the organic components were 
removed by immersing in 5% sodium hydroxide for 12 h to be attached to the inner 
surface. The shells were then washed thoroughly with deionized water, air-dried, and 
stored in a desiccator before used. 

For the long-term experiments, two pH levels (pH 8.1 and pH 7.8) and two 
temperatures (23.0 and 28.0 °C) were designed to mimic the predicted levels for the 
ocean scenarios by the year 2100 (IPCC, 2007). These values also fall within the 
natural seawater pH and temperature fluctuations of the sampling sea. Pearl oysters 
exposed to these conditions were divided into four groups: 28.0 °C, pH 7.8, and 
salinity 33.0 psu (28.0 °C x pH 7.8); 28.0 °C, pH 8.1, and salinity 33.0 psu 
(28.0 °C x pH 8.1); 23.0 °C, pH 7.8, and salinity 33.0 psu (23.0 °C x pH 7.8); 
and 23.0 °C, pH 8.1, and salinity 33.0 psu (23.0 °C x pH 8.1). The ambient 
condition (23.0 °C x pH 8.1) served as the control. These treatments represented 
the individual and interactive effects of temperature and pH on pearl oysters. Prior to 
the experiment, the pearl oysters were acclimatized to the experimental conditions 
by gradually increasing the seawater temperature from 23 to 28 °C (1 °C-d~') and 
gradually decreasing the pH from 8.1 to 7.8 (0.05 units-d~'). All treatments (includ- 
ing the control group) were performed for 60 days. Each treatment comprised three 
biological replicates in three independent tanks, and each tank contained 30 individ- 
uals. For the details of the experimental treatments, please see Shiguo Li et al.’s 
primitive work [34]. 

The temperature and pH value (NBS scale) were continuously monitored in all 
tanks and recorded twice a day. For total alkalinity (TA) determination, 25 mL 
seawater samples were filtered through a 0.45 um Millipore filter and tested with a 
Gran titration on with a Kloehn digital syringe pump (Kloehn, Las Vegas, Nevada, 
with a precision of 0.1%). Total dissolved inorganic carbon (DIC) was measured 
using a DIC analyzer (AS-C3, Apollo SciTech Inc., GA) on the filtered seawater 
samples. Temperature, pH, salinity, DIC, and TA with the dissociation constants K,, 
K>, and Kso4 were applied to calculate the partial pressure of carbon dioxide (pCO>) 
and other carbonate system parameters using the software CO2SYS [35]. 
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7.2.4 Transcriptome Sequencing 


Ten pearl oysters were randomly sampled from each tank. Equal mantles (including 
edge, pallial, and center zone) were cut from each individual, and one sample 
mixture contained mantles collected from ten oysters. The mantle mixtures from 
four experiments were washed with RNase-free water and cryopreserved in liquid 
nitrogen immediately. Total RNA was extracted using the TRIZOL Reagent (Life 
Technologies, Carlsbad, CA) according to the manufacturer’s directions. The con- 
centration and quality of all the RNA samples were measured using a NanoDrop 
spectrophotometer (ND-1000, Wilmington, DE) and 1.0% formaldehyde-denatured 
agarose gel electrophoresis, respectively. Transcriptome sequencing, sequence 
assembly, and cDNA library construction were accomplished by BGI-Shenzhen 
(Shenzhen, China) using Illumina HiSeq 2000 (Illumina, Inc.) applying routine 
protocols that are suitable for pearl oyster [36]. The transcriptome data could be 
accessed in the Sequence Read Archive (SRA) at the National Center for Biotech- 
nology Information (NCBI), and the accession number is SRP064812. The 
sequences were aligned to the nucleotide (nt), non-redundant (nr), and Swiss-Prot 
databases (e < 1.00 x 1077 ) in NCBI and annotated with known nucleotide and 
protein sequences with the highest homology to mollusks and mammals by Blastn 
and Blastx. 

To identify differentially expressed unigenes (DEGs) between the treatments 
and the control, the RPKM (reads per kilobase of transcript per million uniquely 
mapped reads) values were determined using MA plot-based methods using a 
random sampling model (MARS) in the DEGsegq R package [37]. The representa- 
tive DEGs (Benjamini—Hochberg correction) were estimated by measuring the 
false discovery rate (FDR)-adjusted p value. Those DEGs meet the criteria of a 
fold change >2 and p < 0.001. The DEGs were submitted to the Kyoto Encyclo- 
pedia of Genes and Genomes (KEGG) database for analyzing metabolic pathway 
enrichment (e < 1.00 x 107°). The Bidirectional Best-Hit (BBH) method was 
applied to query the set of organism representative for eukaryotes with default 
settings. Fisher’s exact test was used to determine DEG enrichment. The most 
representative pathways were identified with an FDR-adjusted p value <0.001. To 
determine the enrichment of functional categories, gene ontology 
(GO) annotations were performed with the Blast2GO program with default param- 
eters (e < 1.00 x 10°”) [38]. In addition, specific DEG categories (including ion 
and acid—base regulation, thermal stress responses, and biomineralization) were 
also artificially added to study the responses of pearl oysters to seawater environ- 
ment stressors based on previous studies [39-41]. 

To confirm the differentially expressed genes obtained from transcriptome 
sequencing, ten genes (five upregulated and five downregulated) in each treatment 
were tested by real-time quantitative PCR (RT-qPCR). The degree of consistency 
between the RT-qPCR and transcriptome sequencing was calculated by least- 
squares linear regression [42]. For the full details regarding gene selection, primer 
design, and RT-qPCR, please see Shiguo Li et al.’s primitive work [43]. 
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7.2.5 Net Calcification Rate (NCR) 


To measure the changes in calcification in P. fucata exposed to the temperature and 
pH stressors, the alkalinity anomaly technique [44] was used to determine the NCR. 
The NCR was estimated using the variations in TA values during the 60-day 
experiment and compared between each treatment and control group at each time 
point. The NCR was denoted as pmol CaCO3-g7' d7". 


7.2.6 ALP Activity Measurement 


Mantle tissue of 0.1 g was sampled to measure ALP activity using the colorimetric 
ALP assay kit (Beyotime Institute of Biotechnology, Haimen, China) according to 
the manufacturer’s instructions. After adding p-nitrophenol phosphate to each sam- 
ple and 10-min incubation at 37 °C, OD4o5 was measured using an Ultrospec 7000 
(GE Healthcare Life Sciences, Uppsala, Sweden). The p-nitrophenol concentrations 
of 0.02, 0.04, 0.08, 0.12, and 0.16 mM were set to draw the standard curve. To 
validate the stability of the control, ALP activities of the control group at 0.5, 2, 6, 
12, 24, 48, and 72 h were compared to that at 0 h. To eliminate the interference of 
other factors, ALP activities in T25, T31, P78, and P75 were compared with that of 
the control at corresponding time point of 0.5, 2, 6, 12, 24, 48, and 72 h. 


7.2.7 X-ray Photoelectron Spectroscopy (XPS) 


To measure shell-surface CaCO3 deposition in Pinctada fucata exposed to the varied 
treatments, shells from three oysters in each tank were randomly selected and pooled 
to obtain one mixture. The shells were washed with deionized water and treated with 
5% sodium hydroxide for 12 h to remove organic components on the shell surface. 
The shells were then washed thoroughly with deionized water and air-dried. Three 
shell samples (around 7 mm x 7 mm) were cut from pearl oysters in each treatment 
and control group. To avoid individual variation across oysters, three regions 
covering the nacre—prism transition region were observed for each shell sample. 
To measure the calcium and carbon contents of the nacreous and prismatic layers on 
the inner shell surface near the nacre—prism transition zone, XPS (ESCALAB 250Xi, 
Thermo Scientific, USA) with an incident angle of 45°and monochromatic Al Ka 
radiation (1486.7 eV) was applied. The adventitious C (1 s) peak at 285 eV was used 
to charge-correct to all the binding energies, and the measurement accuracy of the 
binding energy was 0.2 eV. High-resolution C (1 s) and Ca (2p) spectra were 
obtained at a pass energy of 50 eV. The signal intensities of the elements and 
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sensitivity factors were used to estimate the relative atomic concentration ratio of the 
elements on the inner shell surface by Advantage V4 (Thermo-VG Scientific, 
Sussex, England). The element content was revealed as the peak area. 


7.2.8 Scanning Electron Microscopy (SEM) 


See in Sect. 5.2.20. 


7.2.9 Liquid Chromatography—Tandem Mass Spectrometry 
(LC-MS/MS) 


The amino acid composition of the mantle in P. fucata was measured by LC-MS/ 
MS. The selected amino acids were based on the enriched pathway results: methi- 
onine (Met), cysteine (Cys), alanine (Ala), phenylalanine (Phe), and tyrosine (Tyr). 
Moreover, arginine (Arg), asparagine (Asn), glycine (Gly), glutamic acid (Glu), and 
glutamine (Gln) were also chosen as reference amino acids. 


7.2.10 Microarray Experiment 


A 58,583-feature microarray representing 58,583 unigenes was conducted based on 
the mantle transcriptome of Pinctada fucata. The resulted data have been submitted 
to Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; GSE57171) and 
Dryad (doi:https://doi.org/10.506 1/dryad.958 sr). For detailed methods of RT-qgPCR 
validation and the microarray, please see the primitive work of Li, Shiguo et al. [43]. 

To identify differentially expressed unigenes, the normalized signal values of four 
treatments (P78 P75, T25, and T31) with the control at the time point 72 h were 
compared using unpaired student’s t-tests. The false discovery rate (FDR)-adjusted p 
value was applied to determine the representative DEGs using the Benjamini- 
Hochberg method. Unigenes with fold change >2 and p < 0.05 were regarded as 
DEGs. All DEGs in the four treatments were collected together, and then Cluster 3.0 
and Java TreeView software were used to analyze the hierarchical clustering of the 
corresponding normalized signal values in T25, T31, P78, and P75, as well as the 
control. The changes of unigenes in T25, T31, P78, and P75 were measured by 
comparing the normalized signal values with that in the control group. To identify 
the underlying pathways related to elevated temperature and CO, concentration, 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses 
of the DEGs in the four treatment groups (T25, T31, P78 and P75) were conducted in 
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the pathway database (http://www.genome.jp/kegg/). Fisher’s exact tests were used 
to analyze DEG enrichment. The FDR-adjusted p value was applied to determine the 
most representative pathways using the Benjamini—Hochberg method with p < 0.05. 

Besides KEGG pathways, specific categories were classified artificially based on 
previous studies [41, 45], in which gene enrichment analyses for microarray or 
transcriptome data were successfully employed to study the responses of marine 
animals to the seawater environment changes. The genes in these reported functional 
categories were searched against our microarray results in the four treatments (T25, 
T31, P78, and P75), and the fold changes of the matched-gene expression were listed 
individually. Genes with fold change >2 and p < 0.05 were considered to be 
differentially expressed. The category enriched in these genes was regarded as the 
principal category. 


7.2.11 Hemolymph Collection 


See in Sect. 5.2.22. 


7.2.12 Determination of the pH Value in Extrapallial Fluid 
and Hemolymph 


The extrapallial fluid from ten individuals in each tank was extracted with a | mL 
syringe and merged into a sterile centrifuge tube as one replicate. Each treatment has 
three replicates. The pH values of the hemolymph and extrapallial fluid samples 
were determined by the pH controller as previously described. 


7.2.13 Calcium Contents in Hemocyte and Hemolymph 


Fluo-3/acetoxymethyl ester (Fluo-3 AM) was used to stain the cytoplasmic free 
calcium (Ca**) of the hemocyte samples, and the quantitative analysis was accom- 
plished by flow cytometry. The pooled hemolymph samples (300 uL) were 
centrifuged at 3000 g for 10 min to collect the cell pellets. The pellets were then 
washed twice for 5 min in phosphate-buffered saline (PBS) and resuspended in 
200 uL PBS containing 2 uM fluo-3 AM, and the mixtures were kept in the dark for 
15 min at room temperature. Then, the cells were collected at 3000 g for 10 min. The 
pellets were washed twice for 5 min in PBS and resuspended in 200 pL PBS. Then a 
flow cytometer was applied to analyze the stained hemocytes using the FL1 (green 
fluorescence) parameter following Aton et al. [46] The cytoplasmic free calcium was 
represented as the fluorescence intensity. The calcium concentration of the 
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hemolymph samples was determined using an inductively coupled plasma-mass 
spectrophotometer (ICP-MS 7900, Agilent Technologies, CA, USA) according to 
Fernandez-Turiel et al. [47]. 


7.2.14 Flow Cytometry Analysis 


See in Sect. 5.2.23. 


7.2.15 Copper Exposure 


Pearl oysters were randomly divided into three groups of 80 individuals each. Two 
groups were treated with copper (CuSO4) of 0.05 uM and 0.5 uM, respectively. The 
third group was used as a control. The oysters were kept in 50 L tanks at constant 
temperature of 20-22 °C and salinity of 30%. Seawater was renewed daily [20] and 
the oysters were not fed during the experiments [19]. 


7.2.16 Sample Preparations, Metal Accumulation, 
and Biochemical Assays 


At different exposure time point (12, 24, 48, and 72 h), ten individuals from each 
group were sacrificed, and digestive glands and gills were collected immediately. 
After being washed with cold sterile water, tissues were accurately weighed and 
homogenized in two volumes of cold 20 mM Tris-HCI buffer (pH 7.1), containing 
0.5 mM phenylmethylsulfonyl fluoride (PMSF). Then the homogenate was 
centrifuged at 12000 x g for 30 min, and the supernatant was transferred and used 
for subsequent biochemical analysis. To measure superoxide dismutase (SOD) 
activity, the supernatant was purified with Sephadex G-25 to remove small mole- 
cules that could interfere the assay. All the steps were performed at 4 °C. 

After exposure for 12, 24, 48, and 72 h, six individuals from each group were 
sacrificed to collect digestive glands and gills. After washed with cold sterile water, 
tissues were dehydrated to constant mass at 80 °C in a drying oven. Samples were 
dissolved in concentrated nitric acid at 100 °C until mineralized [48]. Copper 
concentrations in the samples were measured by inductively coupled plasma atomic 
emission spectrometry (Varian, Vista-MPX) [48]. 

To assay acid phosphatase (AcPase, EC 3.1.3.2) activity, the method [49] was 
modified using p-NPP as substrate. The samples were incubated at 37 °C for 20 min, 
after adding 200 pL 20 mM Na-acetate buffer (pH 5.0) containing 2 mM p-NPP. The 
reaction was terminated by adding 100 uL 1 M NaOH, and the amount of generated 
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p-nitrophenol was calculated by OD4 95. One enzyme activity unit is defined as the 
enzyme amount generating the reaction product by 1 uM/min. 

Alkaline phosphatase (ALP, EC 3.1.3.1) activity was measured according to the 
method of AcPase activity described above in Sect. 5.2.11, except that the buffer was 
replaced with 20 mM Na,CO3;—NaHCO; (pH 10.0). One enzyme activity unit 
represents the same as that of AcPase. 


7.2.17 Statistical Analysis 


All assays were conducted in three replicates. Data analysis was accomplished by 
one-way analysis of variance (ANOVA) using Tukey’s test. Statistically significant 
differences between groups represented by p values lower than 0.05. 


7.3. The Impact of Ocean Warming and Oceanic 
Acidification on Biomineralization 


The aims of this part were to study the physiological responses of Pinctada fucata to 
pH and temperature stress, thus proposing the potential effects of these stressors on 
biomineralization. Usually, we use the microarray-based approach. A microarray- 
based approach was employed to investigate the transcriptome responses of 
Pinctada fucata to elevated CO, and temperature. To determine the effects of 
these stressors on biomineralization, the alkaline phosphatase activity, net calcifica- 
tion rate, and calcium content were detected, and the shell ultrastructure was 
measured after treatments. We tested the mantle tissue, because it is responsible 
for accessory respiration, sensory functions, and biomineralization in pearl oysters 
[SO]. Moreover, hemocytes were studied to clarify the immune response to these 
Stressors. 


7.3.1 Responses of Mantle Tissue to OA and OW 


7.3.1.1 Transcriptomic Analysis of the Mantle Tissue 


A total of 5862, 6555, 3181, and 3730 differentially expressed unigenes (DEGs, 
change fold >2 and p < 0.05) for T25, T31 P78, and P75 are identified from a 
microarray, accounting for 5.43%, 6.49%, 10.01%, and 11.19% of the total genes, 
respectively (Fig. 7.la, b). Clustering analysis for the DEGs reveals excellent 
repeatability and characteristic gene expression profiles for the different treatment 
groups (Fig. 7.1c). The expression data of microarray and real-time quantitative PCR 
(RT-qPCR) showed the same trend, with similar expression levels. Highly 
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Fig. 7.1 The numbers of up- and downregulation (a), ratios (b), and heat map (c) of differentially 
expressed unigenes (DEGs) in Pinctada fucata exposed to elevated CO2 and temperature. In the 
heat map, red indicates upregulation; green indicates downregulation; and black indicates insignif- 
icant changes. The three biological replicates in each cluster are referred to as —1, —2, and —3 





significant correlations (R2 = 0.9449 in T25, 0.8399 in T31, 0.9429 in P78, and 
0.8885 in P75) between the RT-qPCR and microarray results are procured, 
confirming the reliability of the microarray results. 

Enrichment analyses indicate 29, 115, 56, and 67 DEGs are assigned to 1, 5, 
3, and 2 overrepresented pathways (p < 0.05) in P78, P75, T25, and T31, respec- 
tively (Fig. 7.2a). It is obvious that a total of 58.62% and 72.62% of the unigenes 
involved in the category “amino acid metabolism” are downregulated in P78 and 
P75, indicating a significant metabolic depression. The most representative pathway 
in P78 and P75 is “phenylalanine metabolism.” The “Toll-like receptor signaling 
pathway” in T25 and the “lysosome” and “other glycan degradation” pathways in 
T31 are activated, as assessed by unigene upregulation; nevertheless the other 
pathways are suppressed in the four treatments. 

The unigenes involved in the categories “ion and acid—base regulation,” “apo- 
ptosis,” “cell stress responses,” and “cell division” are highlighted in this study 
(Fig. 7.2b). As for the ion and acid—base regulation, few gene expression alterations 
were observed after the temperature treatments, but the expression levels of these 
genes were significantly upregulated after the CO, treatments, specifically, for 
vacuolar-type H*-ATPase (V-ATPase), sodium/potassium-transporting ATPase 
(NKA), chloride channel (CLC), sodium/hydrogen exchanger (NHE3/5), sodium/ 
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Fig. 7.2 The pathway (a) and category (b) enrichments of differentially expressed genes (DEGs) in 
Pinctada fucata exposed to CO, and temperature stress. (a) ko00360, phenylalanine metabolism; 
ko00400, phenylalanine, tyrosine, and tryptophan biosynthesis; ko00270, cysteine and methionine 
metabolism; ko00410, beta-alanine metabolism; ko00590, arachidonic acid metabolism; ko00601, 
glycosphingolipid biosynthesis; ko000511, other glycan degradation; ko04142, lysosome; ko04620, 
Toll-like receptor signaling pathway 


potassium/calclum exchanger (NCKX), voltage-dependent calcium channel 
(VDCC), anion/bicarbonate transporter family members (SLC26A3/4/6), and 
sarco-endoplasmic reticulum calcium transport ATPase (SERCA). The expression 
levels of anion exchanger (AE2) and a sodium bicarbonate cotransporter (NBC1/3) 
do not reveal significant differences. For the category of “cellular stress response,” 
the expression levels of heat shock protein 70 (HSP70), which related to the heat 
shock response, were upregulated in response to the four treatments. Besides, the 
unigenes involved in “antioxidation and oxidation” were also upregulated in 
response to increased temperature: these included cytochrome P450 (CYP) in T25 
and T31 and glutathione S-transferase (GST) and glutathione peroxidase (GPO) in 
T25. The gene expression patterns indicated that cell apoptosis might occur in T31. 
The “cell division’’-related unigenes were unchanged in T25 and T31, although 
downregulation was showed in P78 and P75. 

To understand biomineralization responses, changes in 51 biomineralization- 
related unigenes from the microarray are analyzed separately (Fig. 7.3): 80.39% 
are differentially expressed in response to at least one treatment. Downregulation of 


7.3. The Impact of Ocean Warming and Oceanic Acidification on Biomineralization 673 


60 
8 Up-reguiated gene = Down-regulated gene =E Insignificant difference 


Number of biomineralization-related gene 





P78 P75 T25 T31 
Treatment 


Fig. 7.3 Expression changes in biomineralization-related genes in Pinctada fucata exposed to CO3 
and temperature stress 


the unigenes encoding tyrosinase (TYR) in P75, T25, and T31 and upregulation of 
tyrosinase-like proteins (TYRL1 and TYRL2) in P78 and P75 are observed. More- 
over, the expression levels of unigenes encoding chitin synthase (CHS), nacrein, and 
carbonic anhydrase precursor (CA) are downregulated, although CA12 isoform is 
not affected. 


7.3.1.2 Combined Effects of OA and OW on Pearl Oysters 


In Fig. 7.4a, b, the alkaline phosphatase (ALP) activity in the control shows no 
significant difference between the each experimental time point (p > 0.05) and 
O time point. At the 72 h time point, the ALP activities decrease by 71.94% in P78 
and 82.53% in P75 (from 17.14 nmol pNPemin ‘emg! to 4.8 nmol pNPemin™ ‘emg 
~! and from 17.14 nmol pNPemin™ 'emg™' to 2.91 nmol pNPemin™ '*mg~’, respec- 
tively) compared with that of the control (p < 0.05). Although the temperature stress 
in T25 at 48 h and 72 h does not affect the ALP activities compared with the control 
(from 16.58 nmol pNPemin~ ‘emg! to 15.63 nmol pNPemin ‘emg! and from 
17.24 nmol pNPemin” '*mg~' to 16.04 nmol pNP* min” '*mg~', respectively), the 
ALP activity decreases by 42.66% at 48 h and 66.31% at 72 h in T31 (from 
16.58 nmol pNPemin’'*mg ' to 9.45 nmol pNP* min ‘emg ' and from 
17.24 nmol pNPemin '*mg~' to 5.86 nmol pNP* min '*mg ', in several, 
p < 0.05). The net calcification rate (NCR) in P78 reduces by 83.12% at 24 h, 
95.26% at 48 h, and 102.28% at 72 h compared with the control at the corresponding 
time points. For P75, the NCR decreases by 85.07% at 24 h, 126.67% at 48 h, and 
129.71% at 72 h (p < 0.05, Fig. 7.4c). As shown in Fig. 7.4d, temperature stress in 
T25 causes the NCR to increase by 0.64% at 24 h and 8.28% at 48 h and decrease by 


3.13% at 72 h compared with the control at the corresponding time points (p < 0.05). 
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Fig. 7.4 The relative activity of mantle alkaline phosphatase (ALP, (a and b)) and net calcification 
rate (NCR, (c and d)) of Pinctada fucata under CO, and temperature stress. The ALP and NCR data 
are presented as the ratios between the treatment group and the control at the corresponding time 
point 


Intensity 
Intensity 





356 354 352 350 348 346 344 342 356 354 352 350 3448 MG 344 M2 
Binding energy (eV) Binding energy (eV) 


Fig. 7.5 The relative calcium content on the inner surface of the shell near the nacre—prism 
transition region in Pinctada fucata under CO, (a) and temperature (b) stress 


Besides, the NCR reduces by 12.54% at 24 h, 47.54% at 48 h, and 80.54% at 72 h, in 
T31 compared with the control at the corresponding time points (p < 0.05). 
Reduced pH (pH 7.8 in P78 and pH 7.5 in P75) has an important negative effect 
on the relative calcium content on the surface of the shell (Fig. 7.5a). Likewise, the 
relative calcium content decreases with an increase in temperature from 19 °C to 
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Fig. 7.6 Effects of seawater acidification and elevated temperatures on (a) the net calcification rate 
and (b) the calcium and carbon contents on the Pinctada fucata shell surface 


31 °C in T31 and 19 °C to 25 °C in T25 (Fig. 7.5b). Normal prism-like growth 
patterns of calcite on the prismatic layer and normal stair-like growth patterns of 
aragonite on the nacreous layer are observed in the shells in the control group. With 
growth patterns similar to the control, temperature and CO, do not result in signif- 
icant changes in shell ultrastructure. 

The morphological and physiological changes support the conclusion predicted 
from the gene expression analysis. In the 23 °C x pH 7.8 group, there was an 
88.70% reduction in NCR compared with the control (from 22.87 to 2.58 umol 
CaCO3-g~'-d~', Fig. 7.6a). On the nacreous layer, the calcium content decreased by 
52.01%, and the carbon content decreased by 40.49% compared with the control. On 
the prismatic layer, the calcium content decreased by 47.19%, and the carbon content 
decreased by 31.02% compared with the control (Fig. 7.6b). The electron micro- 
graphs showed disorganization of the aragonite tablets on the nacreous layer and 
incomplete calcite crystal with obvious holes on the prismatic layer in Pinctada 
fucata (Fig. 7.7c, g) compared with the control (Fig. 7.7b, f). The changes in the 
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Fig. 7.7 Scanning electron micrographs of Pinctada fucata shells exposed to seawater acidification 
and elevated temperatures [34]. (a) Scanning region of the shell: nacre—prism transition region. (b)— 
(e) Prismatic layer. (f)—-(i) Nacreous layer. Bars: (a) 0.5 cm; (b)—(i) 25 pm 


nacreous layer differed from those seen in a previous study in this species under the 
same pH condition after a 28-day treatment but were similar to the changes at pH 7.6 
[51], meaning time-dependent effects of seawater acidification on shell ultrastruc- 
ture. The detrimental effects of OA on biomineralization are a common response of 
marine organisms to environmental changes [10, 11, 51]. OA has been shown to be 
involved in shell decalcification in marine mollusks [52], and the disordered crystal 
growth in our study is probably consistent with this observation. 


7.3.1.3 The Mechanisms Underlying the Response of Mantle Cells 
to CO, and Temperature Stress 


By comparing changes in the expression levels of genes involved in the categories 
“ion and acid-base regulation,” “cell stress responses,” “apoptosis,” and “cell 
division,” the regulation of genes involved in “ion and acid-base regulation” 
emerges as the principal transcriptome response of adult Pinctada fucata to CO, 
stress. This discovery is consistent with findings in sea urchins but not in corals 
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[53, 54]. Therefore, we assume that the specific mechanism is involved in this 
response (Fig. 7.8). Based on the results of functional studies in marine organisms 
and vertebrates, we suggest that the homologs of genes involved in the response 
perform similar functions in the Pinctada fucata mantle. 

Carbonic anhydrases, which catalyze CO, and HCO3 interconversion, appear to 
be sensitive to OA in marine calcifiers [39]. Indeed, the downregulation of cyto- 
plasmic CA and normal expression of membrane-associated CA in P. fucata are 
proposed to prevent an excessive increase of intracellular HCO3 and H*. Such 
trends are also found for CA and calcium binding-related genes. The significant 
consequence of these changes is the downregulation of NCR, which is strongly 
responsive to increased temperature and CO, temperature in marine calcifiers [33]. 

Studies on the responses of biomineralization-related genes to OA and ocean 
warming have found diverse expression patterns [54—56], and these observations are 
corroborated in the current study. Although most of these genes are differentially 
expressed in response to increases in CO, and temperature, individuals respond 
differently, indicating a complex relationship between gene expression and stressors. 
The genes encoding tyrosinase and chitin synthase are highlighted here, as they 
show larger fold changes in the microarray experiments than did other responsive 
genes. Tyrosinase plays an important role in the formation of the prismatic layer and 
the periostracum, which is a protective layer in the shells of pearl oysters. The 
function-specific response hypothesis about M. edulis [57] might aid in understand- 
ing our results: TYR is responsible for melanogenesis, which is negatively regulated 
by CO, and temperature stresses; contrary, increased expression of TYRLI1 and 
TYRL2 enhances the synthesis of tyrosinase, strengthening the periostracum and 
prismatic layer to resist stress. In mollusk shells, chitin is proposed to form the 
matrix structure on which matrix proteins can control CaCO; crystal growth [58]. In 
contrast to M. edulis and Laternula elliptica [57, 59], the expression of CHS in 
Pinctada fucata exposed to acidified seawater and temperature stress (high levels) 
was downregulated, which might result in serious effects on frame organization 
during biomineralization. In Pinctada fucata, phenylalanine metabolism was 
enriched during exposure to increased CO, concentrations. 

Phenylalanine, a biologically essential amino acid, generates metabolic products 
comprising a range of different substances, including phenethylamine. Interestingly, 
phenethylamine degradation has been considered to depress the expression of 
calcification-related genes in S. purpuratus exposed to OA [39]. Therefore, the 
depression of phenylalanine metabolism in Pinctada fucata might restrain its bio- 
mineralization ability by influencing the expression of related genes that might be 
regulated by phenethylamine. 

Combined with changes in biomineralization ability and ion status, changes in the 
temperature and CO, levels will have a negative influence on crystal growth. 
Although the calcium content on the surface of the shell and the NCR reduced, 
SEM showed that the ultrastructure of the nacreous and prismatic layers was not 
affected. Previous investigation has indicated that biomineralization is a process, and 
the effects of CO, levels and temperature depend upon the duration of exposure [60]. 
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Fig. 7.8 Schematic representations of the mechanisms underlying the response of mantle cells in 
Pinctada fucata to increased temperature and CO, stress. (a) Acid—base regulatory strategy in 
P. fucata is involved in the response to elevated CO2. The homeostasis of intracellular H* and 
HCO, is regulated by membrane-associated CA12, cytoplasmic carbonic anhydrase (CA), and 
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7.3.2 Responses of Hemocytes to OA and OW 
7.3.2.1 Physiological Changes 


In the EPF (Fig. 7.9a), the pH values in the control groups (8.14 at 24 h, 8.13 at 48 h, 
and 8.14 at 72 h) were not significantly different from that in ambient seawater 
(8.18). Comparing with the control, the pH values of the EPF had no differences in 
T25, but a significant reduction was observed in P78, P75, and T31 (p < 0.05). In the 
hemolymph (Fig. 7.9b), the pH values in the control were lower than in seawater 
(7.98 at 24 h, 8.00 at 48 h, and 7.99 at 72 h). In comparison with the control, the pH 
values of hemolymph were not significantly different from T25, while the pH values 
in P78 and P75 at 24 h were higher than the control (p < 0.05), suggesting a stress 
response of the pearl oysters to the pH decrease. 

Decreased pH and increased temperature have positive effects on the THC, TP, 
and percentages of large hyalinocytes and granulocytes but a negative effect on 
NR. THC significantly increased from 0.49 x 10'° cells/L in the control to 0.97 x 10 
10 Gells/L, 0.84 x 10!° cells/L, and 0.82 x 10° cells/L in T31, P78, and P75 at 72 h, 
respectively (p < 0.05, Fig. 7.10a). The extracted TP of the hemocytes was 
306.39 mg/mL, 345.07 mg/mL, 420.78 mg/mL, 767.41 mg/mL, and 888.10 mg/ 
mL in the control, T25, T31, P78, and P75 at 72 h, respectively (p < 0.05). These 
significant increases of TP were also detected at 24 h and 48 h (Fig. 7.10b). The large 
hyalinocytes and granulocytes (R2 and R3) increased with the decreasing pH and 
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Fig. 7.8 (continued) apical and basolateral proton pumps, exchangers and transporters, and ion 
channels. Among them, the expressions of vacuolar-type H*-ATPases (V-ATPase), chloride chan- 
nels (CLC), sodium/hydrogen exchangers (NHE3/5), sodium/potassium-transporting ATPases 
(NKA), and sodium/potassium/calcium exchangers (NCKX) were up-regulated, while the expres- 
sions of anion/bicarbonate transporter family members (SLC26A3/4/6) were down-regulated. And 
the expressions of sodium bicarbonate cotransporters (NBC1/3), K* channels, and anion 
exchangers (AE2) showed no significant changes. In these processes, increased energy demand is 
supplemented by enhancement of the tricarboxylic acid cycle (TCA), and oxidative phosphoryla- 
tion (OP) is stimulated by HCO}; via adenylate cyclase (AC)-induced signaling and membrane 
transport, including increased expression of complex I (CI), AC, FOF1-type ATPases (F-ATPase), 
cAMP, and protein kinase A (PKA). In the diagram, gray indicates insignificant changes, crimson 
indicates upregulation, and green indicates downregulation. The solid arrows show the direction of 
CO, and ions diffusion. The dotted arrows show the hypothetical signaling pathways. (b) 
Antioxidative and lysosome pathways in P. fucata are involved in the response to elevated 
temperature. Elevated temperature induces the production of reactive oxygen species (ROS) via 
increased expression of cytochrome P450 (CYP), leading to oxidative stress. Under the medium- 
temperature stress (25 °C), the increased expression of “antioxidation”-related genes [e.g., gluta- 
thione S-transferase (GST), glutathione peroxidase (GPO), and heat shock protein 70 (HSP70)], 
activation of the “Toll-like receptor signaling pathway,” and depressed “arachidonic acid metabo- 
lism” promote antioxidative regulation in mantle cells. Under high temperature stress (31 °C), the 
“lysosome” pathway is the main defense system for clearing damaged proteins and organelles, with 
assistance of HSP70. The energy supplement might come from the enhanced degradation of other 
glycans. In this diagram, green indicates downregulated genes, crimson indicates upregulated 
genes, blue indicates inhibited pathways, pink indicates enhanced pathways, and gray indicates 
oxidative stress 
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Fig. 7.9 Effects of decreased pH and elevated temperature on the pH values of extrapallial fluid (a) 
and hemolymph (b) in Pinctada fucata. The symbols T25, T31, P78, and P75 are the abbreviations 
of the different treatment groups, which represent the exposed seawater conditions of increased 
temperature and decreased pH: 25 °C, 31 °C, pH 7.8, and pH 7.5, respectively 
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Fig. 7.10 Effects of decreased pH and elevated temperature on the total hemocyte count, total 
protein concentration, and neutral red uptake of hemocytes in Pinctada fucata 


increasing temperature, while they could not be clearly differentiated from each 
other in T31, P78, and P75, with the exception of T25. No significant differences 
were found for the NR of the hemocytes in T25. In contrast, the decreases of NR 
were significant at all time points in T31, P78, and P75 (p < 0.05, Fig. 7.10c). 
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Fig. 7.11 Effects of decreased pH and elevated temperature on the contents of calcium ions in 
hemocytes and hemolymph of Pinctada fucata [61]. R1, R2, and R3 are the subpopulations of small 
hyalinocytes, large hyalinocytes, and granulocytes classified by flow cytometry 


7.3.2.2 Effects of OA and OW on Calcium Content 


As shown in Fig. 7.11, the fluorescence intensities of the small hyalinocytes for 
different treatments reveal no statistical significance (p < 0.05) after 72 h of 
exposure. Comparing with the control, there were decreases of 18.98%, 17.57%, 
and 20.51% for the granulocytes in T31, P78, and P75, respectively, and 15.80%, 
23.84%, and 24.20% for the large hyalinocytes in T31, P78, and P75, respectively 
(p < 0.05). Significant increases of the calcium contents in the hemolymph were 
detected in T31, P78, and P75 (p < 0.05). 

The impacts of environmental changes on marine organisms are generally 
revealed by immunological parameters in hemocytes. Therefore, the morphological 
characterizations of hemocytes are helpful to understand the immune response of 
pearl oysters to environmental stressors. The modification of the immune parameters 
in the hemocytes of Pinctada fucata implied that short-term OA and OW (31 °C) 
have positive effects on THC, TP, and the percentage of granulocytes and large 
hyalinocytes but have negative effects on NR. However, exposure to OW (25 °C) 
shows no differences for these parameters, suggesting an excellent regulation of the 
pearl oysters to heat stress at this level [61]. The increase of circulating hemocytes in 
bivalves can reflect the movement of cells from tissue into hemolymph, suggesting 
an enhanced immune reaction when detecting environmental stresses [62]. 

In our study, the increased hemocytes are granulocytes and large hyalinocytes 
that have been shown to have an immunological capacity (e.g., phagocytosis) in 
pearl oysters [63]. Accordingly, as reported in gastropod abalones [64], this increase 
of hemocytes number is considered as active stress responses of Pinctada fucata to 
short-term exposures. However, the phagocytic activity of hemocytes decreased in 
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Pinctada fucata according to NR results. In contrast, it increased in green mussel 
P. viridis [65] and had no significant changes in the Pacific oyster C. gigas [66], 
showing that the accumulation of hemocyte counts is the basic characteristic for 
Pinctada fucata to respond to short-term OA and OW, rather than the enhancement 
of phagocytic capacity. The TP in hemolymph is also a useful parameter to evaluate 
the health status of bivalves exposed to environmental stresses [67]. In bivalves 
hemolymph, TP contains numerous proteins, such as lysosome enzymes and anti- 
microbial peptides [65, 68, 69], responsible for protein degradation and antibacterial 
function in immunomodulation. The release of various enzymes from the hemocytes 
might cause the increase of the TP shown in our data, which were conductive to 
resisting OA and OW. 

Immunoregulation, acid—base regulation, and biomineralization are the principal 
responses of marine calcifiers to OA and OW [70, 71]. Due to its open circulatory 
system, Pinctada fucata cannot accumulate enough bicarbonate to neutralize the 
hydrion in hemolymph. Therefore, the pH value in hemolymph is sensitive to CO, 
concentration in the seawater. A linear relationship between the hemolymph pH and 
seawater pH has been revealed in the mussel M. edulis [72], and similar results were 
observed in the EPF and hemolymph under the stress of OA and OW (31 °C) in our 
study. Importantly, the pearl oysters seem to have an active stress response when 
exposed to elevated temperature and COs, especially in the duration of the first 24-h 
exposure to elevated CO>, showing that Pinctada fucata may implement compen- 
sation for acid—base disturbance. However, the compensation is an energy consum- 
ing process [71], resulting in energy redistribution, which might affect 
biomineralization in the pearl oysters. Because the hemocytes were involved in the 
biomineralization and shell repair processes of oysters [60, 73, 74], the calcium 
content in hemocytes, therefore, is critical for the formation of CaCQ3. 

In our study, the calcium content decreased in the hemocytes and increased in the 
hemolymph of Pinctada fucata exposed to short-term OA and OW (31 °C), indi- 
cating the outflow of calcium from hemocytes to hemolymph, which will eventually 
affect the biomineralization process. In addition, calcium is a signaling molecule 
involved in intracellular signal transductions. The decrease of calcium in 
granulocytes and large hyalinocytes might alter the immune reactions of hemocytes 
by disturbing the calctum-dependent signaling pathway in key physiological pro- 
cesses, such as phagocytosis. 


7.4 The Impact of Pollution on Biomineralization 


In this part, the enzymatic responses in the digestive gland and gills of pearl oysters 
Pinctada fucata exposed to copper at different concentrations were investigated by 
us. We assayed enzyme activities at the metal accumulations, and different exposure 
times in different tissues were also determined at the same time. We researched five 
enzymes belonging to three different classes. The proper use of these enzymes as 
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biomarkers and pave the way for investigation of the defense mechanism of the pearl 
oyster may be supported by the present result. 


7.4.1 The Impact of Copper on Immune Defense 


In gills, 0.5 uM copper exposure indicated a linear relationship with time, and after 
exposing in 0.5 uM copper for 72 h, the metal concentration reached 65.93 pg/g dry 
wt. (Fig. 7.12a). Copper concentrations in gills of oysters exposed to 0.05 uM were 
not significantly different from controls throughout the period exposure. Rate and 
levels of metal accumulation in gills were higher than in digestive gland exposing to 
0.5 uM copper, and we only detected 16.46 ug/g dry wt. copper after 72 h 
(Fig. 7.12b). However, in low exposure oysters, metal accumulated more show in 
gills than in the digestive gland. 


7.4.1.1 Acid Phosphatase 


It showed different pattern of changes in acid phosphatase activity between the gills 
and digestive gland. In gills, significant high acid phosphatase activity has been 
detected in the two experimental groups at most times (Fig. 7.13a). We obtained the 
highest activity of 0.05 uM exposure at 72 h and found the enzyme activity kept 
increasing after 24 h. It indicated the highest activity of acid phosphatase in oysters 
exposed to 0.5 uM copper was at 12 h. The enzyme activity decreased thereafter but 
remained higher than in controls even after 72-h exposure (Fig. 7.13a). In the 
digestive gland, in low exposure oysters, acid phosphatase activity was significantly 
high at 12, 24, and 72 h (Fig. 7.13b). After exposing in 0.5 uM copper for 72 h, the 
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Fig. 7.12 Time course of copper accumulation (mean + S.D., n = 6) in gills (a) and digestive 
gland (b) of Pinctada fucata. Significant differences between the same compartment indicated by 
*p b 0.05 (Tukey’s test) 
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Fig. 7.13 Time course of acid phosphatase-specific activity (mean + S.D., n = 10) in gills (a) and 
digestive gland (b) of Pinctada fucata. Significant differences between the same compartment 
indicated by *p b 0.05 (Tukey’s test) 


enzyme activity was low but increased from 24 h and became higher than the control 
at 72 h (Fig. 7.13b). 


7.4.1.2 Alkaline Phosphatase 


In gills, alkaline phosphatase activity became higher than the control after 24 h 
exposure to 0.05 uM and after 48 h exposure to 0.5 uM, respectively (Fig. 7.14a). 
The gill alkaline phosphatase activity only showed a little bit difference between 
48 and 72 h exposing to the varied concentration of copper in the two experimental 
groups. In the digestive gland exposed to 0.05 uM copper, the highest value of the 
alkaline phosphatase activity was at 24 h, and then the value decreased until they 
were lower than the control at 72-h exposure (Fig. 7.14b). 

As recognized in the last years, any indication of deleterious effects of contam- 
inants on the biota cannot be provided by risk assessment cannot solely base on 
chemical analysis of environmental samples because this approach does not provide. 
Therefore, measurements of the biological effects of pollutants have become of 
major importance for the assessment of the quality of the environment [75]. Bivalves 
are useful monitoring organisms because they are ubiquitous, sedentary, filter- 
feeders inhabiting coastal and estuarine areas [32]. But there are only a few studied 
biomarkers of pearl oysters [76]. Thus, an increasing need to develop a set of applied 
biomarkers of pearl oysters to assess levels of environmental pollution appeared. 

In the present work, the copper concentrations were acute and sublethal levels for 
bivalves (equals 12.5 and 125 pg/l) [48]. The sample times were 12, 24, 48, and 72 h 
because the responses of short-term exposure to copper were focused on [77]. We 
were investigating the gills and digestive gland as the important target organs for 
metal accumulation [20]. We selected five enzymes of three classes to be investi- 
gated for a detailed picture of the general metabolic condition of the organisms 
[20, 78]. Acid phosphatase and phenoloxidase are involved in the immune defense 
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Fig. 7.14 Time course of ALP-specific activity (mean + S.D., n = 10) in gills (a) and digestive 
gland (b) of Pinctada fucata. Significant differences between the same compartment indicated by 
*p b 0.05 (Tukey’s test) 


of the oysters [79-81]. Superoxide dismutase and Se-dependent glutathione perox- 
idase are two main antioxidant enzymes to protect organisms against damages 
induced by oxyradical production [82—84]. Alkaline phosphatase, which is sensitive 
to metals, was also examined to obtain a better picture of the general metabolic 
condition of the organisms [20, 78]. 

The bivalves immediately close their valve to response the addition of copper to 
seawater as a protective strategy, but the timing of this varies with the copper 
concentration [85]. Generally, quicker valve closure was caused by higher concen- 
trations [86]. Bivalves can remain closed in seawater polluted by copper during the 
initial period, but because they need feeding and respiration, they tend to open again. 
These facts might be the reasons why metal accumulations and enzymatic responses 
at 12 h always differed from the results at other sample times. 

The digestive gland represents the major site of metal accumulation in bivalves 
[77]. Gills are also frequent targets of environmental pollutants because they are the 
main interfaces between the environment and the organisms [81]. The results of the 
copper accumulation in Pinctada fucata imply that the two tissues may play different 
roles when exposed to different copper concentrations. The digestive gland was the 
main copper accumulation organ when oysters were exposed to low concentrations, 
whereas gills became the target organ in oysters exposed to high concentrations 
(Fig. 7.12) [87]. To our knowledge, previously there is no report to describe the 
different copper accumulation patterns in gills and digestive gland. One possible 
reason was that feeding and thus the rate of copper accumulation in the digestive 
gland may have been affected by higher concentration [77]. 

Acid phosphatase is a lysosomal marker enzyme and can be taken as a reliable 
tool for the biological assessment of metal pollution [81]. The higher gill acid 
phosphatase activity in mussels was always associated with the damage of lysosomal 
membranes [20, 81]. Hence, in the gills of Pinctada fucata, the stimulation of cell 
defense mechanisms likely causes the higher acid phosphatase activity of 0.05 uM 
exposure [87]. That the copper concentrations were too high (Fig. 7.12a) and 
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interfered with the defense mechanisms was the reason for the depression of the 
enzyme activity when exposed to 0.5 pM. In the digestive gland, the results of 
enzyme activity exposed to 0.5 uM copper indicate that the severe presence of 
copper may inhibit the activity at the beginning, but as oysters adapted to the 
environment and cell defense recover, the acid phosphatase activity would increase 
slowly. The acid phosphatase activity in the digestive gland exposed to 0.05 uM did 
not increase as in gills. Because under this condition metal was accumulated more 
quickly in the digestive gland than in gills (Fig. 7.12b) and normal defense mech- 
anisms are disturbed by the high copper. Inhibition of acid phosphatase activity in 
digestive cells by copper has been reported in mussels [81], but enzyme activity 
recovery was not observed. The adaptation and recovery of the oysters were reported 
for the first time in our studies. 

Alkaline phosphatase is an intrinsic plasma membrane enzyme of almost all 
animal cells. Alkaline phosphatase is sensitive to metals, and the effects of metals 
on alkaline phosphatase have been reported [76]. Our previous study has purified 
and characterized alkaline phosphatase of Pinctada fucata [78], and the results also 
implied that it was sensitive to metals including copper. Changes of alkaline 
phosphatase activity in the tissues were difficult to explain. For example, the gill 
alkaline phosphatase activity varied little between 48 and 72 h of exposure in the two 
experimental groups; however, at those times, the copper concentrations differed 
greatly (Figs. 7.12a and 7.13a). One possible reason was that alkaline phosphatase 
activity was influenced by complex factors in Pinctada fucata and copper was only 
one of them. Alkaline phosphatase activity was decreased in the digestive gland of 
mussels exposed to copper [20], which may be the normal response of alkaline 
phosphatase. The enzymatic mechanisms of alkaline phosphatase in Pinctada fucata 
need further studies. 


7.5 Conclusion 


The increasing anthropogenic carbon emission has great effects on the chemical and 
physical conditions of the oceans, leading to global warming and ocean acidification. 
The influence of global warming and ocean acidification on the pearl oysters are 
complex. Potential implications for predictions of the effects of global climate 
change on pearl aquaculture might be indicated in our study. During short-term 
exposure, the impact of CO, and temperature stresses were not manifested in the 
shell ultrastructure, although we affected the process of biomineralization. Impor- 
tantly, the nacreous layer of pearl oyster shells is structurally similar to pearls, and 
the shells can actually reflect the effect of environmental stressors on pearls. If the 
stressors are long-term events, they will have adverse results on the 
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biomineralization of pearls, most likely affecting pearl quality, which result in 
substantial economic losses for the aquaculture industry. We need further studies 
to directly test the biochemical and physiological changes that are demonstrated by 
our gene expression data (e.g., the physiology of ion transporters), as the abundance 
of mRNAs may not absolutely coincide with the changes in the corresponding cellar 
proteins [88]. 

As for the copper exposure, we inquire the metal accumulations and the 
corresponding enzymatic responses in the pearl oyster Pinctada fucata. That the 
gills and the digestive gland played different roles associated with different copper 
concentrations was found. We observed the adaptation and recovery of the oysters. 
Levels of the copper accumulation and the sensitivity to copper were the main, if not, 
part of the reasons for the various responses of the selected enzymes. Potentially, we 
may use many of those enzymes as biomarkers in testing of marine metal pollutions. 
The results supported the proper use of these enzymes as biomarkers and paved the 
way for the investigation of the defense mechanism of the pearl oyster. 

Various factors control biomineralization, such as genes, environmental factors 
and ions. The idea that ocean acidification, ocean warming and metal pollution have 
great effects on the metabolism, biomineralization process, and immune defense in 
P. fucata was pointed by our study. Theoretical basis for precautions to avoid 
adverse impact of environmental challenges on the marine pearl aquaculture in the 
near future is provided. 

This work was modified from the papers published by our group in Environmen- 
tal Science & Technology (Li, S. G. et al. Interactive Effects of Seawater Acidifica- 
tion and Elevated Temperature on the Transcriptome and Biomineralization in the 
Pearl Oyster Pinctada fucata. Environmental Science & Technology 50, 1157-1165, 
doi:https://doi.org/10.1021/acs.est.5b05107 (2016)); Scientific Reports (Li, S. G. 
et al. Transcriptome and biomineralization responses of the pearl oyster Pinctada 
fucata to elevated CO2 and temperature. Sci Rep-Uk 6, doi: ARTN 18943https://doi. 
org/10.1038/srep18943 (2016)); Fish and Shellfish Immunology (Li, S. et al. Hemo- 
cytes participate in calcium carbonate crystal formation, transportation and shell 
regeneration in the pearl oyster Pinctada fucata. Fish Shellfish Immunol 
51, 263-270, doi:https://doi.org/10.1016/j.fsi.2016.02.027 (2016)); Comparative 
Biochemistry and Physiology, Part C (Jing, G., Li, Y., Xie, L. P. & Zhang, R. Q. 
Metal accumulation and enzyme activities in gills and digestive gland of pearl oyster 
(Pinctada fucata) exposed to copper. Comp Biochem Phys C 144, 184-190, doi: 
https://doi.org/10.1016/j.cbpc.2006.08.005 (2006)); and Fish and Shellfish Immu- 
nology (Li, S. et al. Morphology and classification of hemocytes in Pinctada fucata 
and their responses to ocean acidification and warming. Fish Shellfish Immunol 
45, 194-202, doi:https://do1.org/10.1016/.fs1.2015.04.006 (2015)). The related con- 
tents are reused with the permission. 
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Supplementary Table 7.1 


Chapter Primer name Primer sequence 


Prismalin-14-F TGGGTATGGCGGATTTAACGGTG 
Prismalin-14-R AATCCGCCATCATCGTCACCAAA 
TAGCTAGTGGTGGTTTAGGTGCC 
Prisilkin-39-R TACCCGCTATATCCGCCGTAACC 
Shematrin-7-F TGGAGCCGGAAGTTTGTCATCT 
Shematrin-7-R CCGAGGTTTACTGATGGTCCGT 
Shematrin-6-F ACACCTTCGGAACATTGGCAAC 
Shematrin-6-R CACCTCCAAGACCGAGACTGAG 
Lysine-rich matrix protein 5-F TCACCCTTGGGATTGGAAATGCA 
Lysine-rich matrix protein 5-R GCCAAAGTTGTAATCATCGCCACC 
Nacrein-F GAGCCAGAGGATGGGGAAA 
Nacrein-R GCCTCCATAGGTGAAACGA 
Pif80-F TGCTGCCATCACGTGAGTATG 
Pif80-R GACTTCCCTTTCTCACACTTCCA 
Mantle gene 1-F GTCCTTGGCGTCGTAGTTTGTG 
TCCTCCTCTCCCTATITCCGGT 
Lustrin A-F AGCCACTAGTAGCAGCTTCTCG 
Lustrin A-R TAGGGGAAGGTTGCTGTTGAGG 
Pearlin-F CCTGGAATCATGACGTGCACAC 
Pearlin-R AGCAGTATGAGTAACGTCCGCA 
Calponin-F CAGGCAGGCATGAGAGGTTTTG 
Calponin-R TTTGCTGCATTCTGAGCTGCTC 
Calmodulin-F ATCCAACCGAGGCTGAACTTCA 
Calmodulin-R GTGTCTTTCATCTTTCGCGCCA 
Calreticulin-F ACAAGCCAGAACACATCCCTGA 
Calreticulin-R CCATTCTCCCTTGTACTCGGGG 
Actin-F TACCGCCGCGTCATCATCAT 
Actin-R TGCCTCGGGACATCTGAACC 
18srRNA (AB214463.1) -F GCTCGTAGTTGGATCTCGGG 
18srRNA (AB214463.1) -R AGTAAACGTTCCGGTCACCC 
CL15630.Contig2-F GCCCCTGTTTGTGGATCAGA 
CL15630.Contig2-R ACATGGACCTTCAGAGCGTAC 
CL4407.Contig2-F ACACGGACTTTGAGGAGCTG 
CL4407.Contig2-R ACTGAGGAGTCGATGTGTGTG 
CL7659.Contig1-F TCGCGACAAAGGTGAGGATG 
CL7659.Contig1-R TCGGTGTTGTCCATTTCCGA 
Unigene508-F AATGTCGCCAAGGAAGTCGT 
Unigene508-R TTGTCATTCCCGCCAGATCC 
Unigene52885-F GAACCCCGTATGAAGCTGCT 
Unigene52885-R ACATCACAGAAGCCGCATGT 
CL754.Contig2-F AGGGTCCGCTGATCACAATG 


(continued ) 
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Chapter Primer sequence 
CL754.Contig2-R GCATGGCAAGGATCCACATC 
Unigene37660-F CCTCAGAGATGGTAGCGAACA 
Unigene37660-R TTTCCCGTCGTCTACTGCAC 
Unigene58966-F TGCATGCATTCAAAGCCCAG 
Unigene58966-R ACACTCAGCGTCACACCATT 
Unigene58161-F GGCTCTCCGTGATGACAACT 

TGAGTACGTGAAAACCGGGG 
CL1162.Contig3-F AGTATGGCACGGGGAGTTTG 
CL1162.Contig3-R GTGGGTAGAAGGTTGGGACG 
Unigene44471-F AGCTCTTAGTAATCCCTGAGGC 
Unigene44471-R ACCTTGGTGACCTGATGCTG 
Unigene44607-F AGGGAAGTAAAACGCCTCCA 
Unigene44607-R TGCCACTAGAAGCTCACCAG 
Unigene24893-F GAAGTCGACCCATAGCGTCT 
TGTCCCAGCAATGTCACCTC 
Unigene 16645-F GGATCATGTGGCGTCATTGC 
Unigene 16645-R CATTTCGGACACCTGCTCCT 
Unigene19167-F TTTGTTGCGATCGGTCCTCA 
Unigene19167-R AGATGTCTGTTCCTCGTGCG 
TGTGGCGAAGGATICTCTGG 
Unigene37643-R AGGTGCTCGTACTITGGTCG 
Unigene33618-F GGAGGAGTTGCTGAGACACG 
Unigene33618-R TGCCAGTATTTCCTCGTGCA 
CL1779.Contig2 GGACGTCTCCCTCTGTTGTC 
Treatment Gene ID Primers ACTGGCATTGCTGGTGTGTA 
Unigene31731-F CGTGGAGCAATGCGATTACC 
Unigene31731-R TCGACTTTGGTGCGTGAAGA 
Unigene23402-F GGGACAAGGAGCAGGTCTTC 
Unigene23402-R CCCGTCACCATTCCACTTGA 
Unigene27741-F ACTGACAAACGAGGCGACAA 
Unigene27741-R TTGGCTTGCCACCAATGTTC 
Unigene32821-F CCTTGCGGTGAGTTITGTGTG 
Unigene32821-R CCGGAACCTATTGTGGCTGT 
Unigene11478-F TGCTTCTTTGTTTTGCGCCT 
Unigene11478-R CGCTGATTTCCTCGCACAAA 
Unigene21946-F GGGGAGGGAGAGAAGAGTGA 
TGCTGGCAAACACACTCTCT 
Unigene766-F GTTCCCAGCGACTTACACCA 
Unigene766-R AGTTCCAGGCAAGTGTTGGT 
CL3909.Contig2-F GGAGGAGCTACAATGGCCAG 
CL3909.Contig2-R TGTGAGATGGGTTGTGACGT 
CL8302.Contig3-F ATCCCGTACCTTGCCATGAC 
CL8302.Contig3-R CTGCAAAGAACCACCAAGCC 


(continued ) 
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Chapter Primer sequence 
CL3078.Contig3-F CATCGATACGTCCACCAGCA 
TGCAGCTCTTGGTCAGTCAG 
Unigene33622-F TTATTTCAGAGAATGGTAA 
Unigene33622-R CAAATATGGCCATTCCTT 
CL1722.Contig1-F AGGGCTTTAACACCAGAGCC 
CL1722.Contig1-R CCTCAGTAAATGCGAGGCCA 
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Chapter 8 D 
Study of Shell Structure chest 


Abstract In this chapter, multiple methods were explored to study protein distri- 
bution, inner films, shell growth theory, and pearl production process. 

First, we will describe how the proteins are distributed inside the calcite using 
different techniques: 


1. The immunolocalization approach, in which antibodies against biomineralization 
proteins are used to localize specific proteins in the shells. 

2. Confocal laser scanning microscopy and super-resolution microscopy were used 
to investigate the distribution of proteins inside the calcite. In addition, soluble 
shell matrix from the shells was shown to tune magnesium content in calcite. 


Second, the inner shell films located in the shell-mantle zone were found to be 
important in shell formation. Furthermore, by using flat pearl method, the inner film 
was found to facilitate the transition of calcite to aragonite as nucleation surface and 
predefined mold. Third, by observing the microstructure of shells, jumping devel- 
opment theory and nacre-prism transition layer theory were developed. Finally, to 
study the function of matrix proteins in nacreous layer biomineralization in vivo, the 
deposition on pearl nucleus and the expression of matrix protein genes in the pearl 
sac during the early stage of pearl formation were studied. It is found that matrix 
proteins controlled the crystal phase, shape, size, nucleation, and aggregation of 
CaCO; crystals. 


Keywords Shell structure - Protein distribution - Pearl - Shell growth theory - 
Confocal laser scanning microscopy 


$8.1 Material and Methods 


8.1.1 Shell Preparation and Protein Extraction 


All methods were carried out in accordance with the approved guidelines. All 
experimental protocols were approved by the Animal Experimental Ethics Commit- 
tee of Tsinghua University, Beijing, China. Pearl oysters, Pinctada fucata (the 
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length of shells is 5.5—5 cm, wet weight is 30-40 g, and around 2 years of age), were 
obtained from Zhanjiang Pearl Farm (Guangxi Province, China). The cleaned shells 
were immersed in a 5% sodium hydroxide solution for 24 h followed by rinsing with 
DI water to avoid possible contamination. The two layers of the shells, the outer calcitic 
prismatic layer and the inner aragonitic nacreous layer, were separated mechanically by 
abrasion after air-drying. 30 g of the fragments were pulverized and then were decalcified 
with 0.8 M EDTA at 4 °C for 60 h with continuous stirring. For the extraction of the 
EDTA-soluble matrix (ESM-P/N, P, and N are prismatic and nacreous layers, respec- 
tively), the supernatant was collected by centrifugation at 13,000 rpm at 4 °C for 30 min 
and then desalted by ultrafiltration (3 K, 4000 rpm, 1-2 h). The obtained extracts were run 
on 12% SDS-polyacrylamide gels and stained with Coomassie Brilliant Blue R-250. The 
concentration of proteins was measured by NanoDrop 2000 [1]. 


8.1.2 Preparation of FITC—Labeled Proteins 


1 mL of 250 pg-mL~’ proteins was mixed with 75 pL of 1 mg-mL~ ‘FITC. Then, 
they were incubated for 1 h, followed by dialysis against deionized water for 72 h 
with exchange of water every 24 h. The entire process was conducted in the dark. 
The resultant proteins are designated as FITC-ESM-P/N [1]. 


8.1.3 Preparation of Cy5-Labeled Proteins 


N-Hydroxysuccinimide (NHS) esters and other activated esters (sulfo-NHS; 
sulfotetrafluorophenyl, STP) are reactive compounds suitable for the modification of 
amino groups. 0.14 mg of NHS-Cy5 (LiTTLE-PA Sciences Co., China) was dissolved in 
100 pL of DMSO. Proteins were dissolved in 0.1 M NaHCO; buffer (pH 8.2). A 100 pL 
aliquot of NHS-Cy5 ester was added into 900 pL of the 1.0 mg-mL' protein, and the 
mixed solution was vortexed, followed by incubation at room temperature for 4 h. To 
remove unreacted agents, the conjugates were dialyzed against water for 48 h at 4 °C 
under agitation in the dark. The resultant proteins were designated Cy5-ESM. The 
average ratios of Cy5 to protein were characterized to be 1.3:1 for Cy5-ESM using a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA) [2]. 


8.1.4 Crystallization of CaCO3 Using FITC Proteins 
as the Additives 


CaCO; was formed by the slow diffusion of around 2 g (NH4)2CO3 vapor into six 
cell culture dishes in a closed desiccator for 14 h at room temperature. Each well had 
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180 u L of 20 mM CaCl, and 20 uL of 25 pg-mL~' proteins on a silica cover glass. 
The proteins are ESM-P/N or FITC-ESM-P/N. For the control, the proteins were 
replaced with DI water or FITC. The samples for further test were rinsed twice with 
DI water and air-dried [1]. 


8.1.5 SEM 


The morphologies of samples were observed by a scanning electron microscope 
(SEM, FEI Quanta 200, 15 kV) after sputter coating with a thin layer of gold 
nanoparticles. 


8.1.6 Raman Spectroscopy 


By using a LabRAM HR Evolution spectrometer (HORIBA Jobin Yvon), the 


Raman spectra were recorded at an excitation wavelength of 514 nm. The spectra 


were scanned three times for 20 s in the range 100-1400 cm’. 


8.1.7 CLSM Imaging 


By using a LSM 710 META confocal microscope (Zeiss), the CLSM images were 
obtained, and the excitation wavelength for FITC-labeled samples was set at 
488 nm [1]. 


8.1.8 The X-ray Diffraction 


By using a Bruker D8 Advance X-ray diffractometer, the X-ray diffraction (XRD) 
patterns were obtained (Cu Ka, 4 = 0.154 nm, 40 kV, 200 mA). The scattered radiation 
was detected in the angular range 20-80° (20) with a scan rate of 1.2°-min™'. 


8.1.9 Stochastic Optical Reconstruction Microscopy Imaging 
8.1.9.1 STORM Sample Preparation 


Glass bottom cell culture dishes (Nest) were used for all STORM imaging. Imaging 
buffers supplemented with an oxygen scavenging system are critical for reliable 


698 8 Study of Shell Structure 


photoswitching of the fluorophores imaging biological samples. It usually consists 
of 10% (w/v) glucose (Sigma), 0.1% (v/v) B-mercaptoethanol (Sigma), 500 pg/mL 
glucose oxidase (Sigma), and 10 pg/mL catalase (Roche). However, this imaging 
buffer seems to be unsuitable for Cy5-labeled proteins in the crystals, and the 
bleaching time of fluorophores will take more than 30 mins. Thus, the imaging 
buffer containing the oxygen scavenging system was replaced with phosphate- 
buffered saline buffer. It 1s believed that the single-crystalline hosts can serve as 
dense shells to reduce the diffusivity of oxygen to the dyes, which is a possible 
mechanism occurring in our system [2]. 


8.1.9.2 Microscope Image Acquisition 


A Nikon Ti-E inverted microscope equipped with an N-STORM system was used 
for STORM imaging. The fluorescence emission of Cy5 was collected with a NA 
1.49100 x oil immersion objective. The setup was controlled by Nikon 
NIS-Elements AR software with a N-STORM module. To obtain images, the field 
of view was selected based on the live electron-multiplying charge-coupled device 
(EMCCD) image under 647 nm illumination. A confocal stack was then collected 
using 647 nm excitation. The field of view of the confocal scan area and the EMCCD 
were set to be identical. Next, the samples were bleached by scanning in the z-axis 
using maximal illumination from the 647 laser line. Finally, the STORM image was 
acquired using a STORM filter cube (Nikon) and the EMCCD. The laser power used 
was 40-50 mW, and the exposure time was 20-30 ms. Oblique illumination was 
applied using the TIRF illuminator of the microscope. The total number of frames 
acquired was at least 10,000. The reconstructed 3D STORM image was created 
using algorithms for molecule identification and drift correction as previously 
described and employed by Nikon Instruments. The images were analyzed by 
ImageJ 1.6.0 [2]. 


8.1.10 Rabbit Polyclonal Antibodies (P-anti-NCA) 
and a Mouse Monoclonal 


Antibodies against CA domain of nacre were developed in New Zealand rabbits and 
BALB/c mice [3]. The DNA encoding TGF-b domain (amino acids 346-447) of 
Pf-BMP-2 (GenBank accession no. AB176952) was cloned into pET-28b expres- 
sion vector (Novagen) and expressed in bacterial strain of Escherichia coli BL21 
(DE3). The recombinant protein was highly purified using a HiTrap chelating HP 
affinity column (Amersham Biosciences). Polyclonal antibodies against the recom- 
binant BMP-2 (anti-P43) or total SM proteins (anti-SM) were raised in New Zealand 
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rabbits. The antisera were then purified by 33% saturation ammonium sulfate 
precipitation and a protein A agarose column (Calbiochem). The purified antibodies 
were used for immunoblot analysis, immunolabeling, and antibody inhibition 
assay [3]. 


8.1.11 Immunoblot Analysis 


The proteins were electrophoretically transferred to nitrocellulose membranes using 
a Hoefer semidry blotter (Pharmacia Biotech). The nitrocellulose membranes were 
blocked with 5% skimmed milk and incubated with 5 pg/mL primary antibody for 
2 h. After washing and incubated with an appropriate second antibody-conjugated 
alkaline phosphatase (Santa Cruz), detection was conducted using BCIP/NBT solu- 
tion (Roche) [3]. 


8.1.12 Shell Decalcification 


The decalcified nacre was thoroughly washed with DI water. The lamellar sheets 
were peeled off from the fragments, mounted on glass slides, air-dried, and ready for 
immunolabeling. 

Partial decalcification of nacre was performed as follows. The fresh nacre was 
mechanically fractured into small fragments and cleaned in diluted sodium hypo- 
chlorite solution for 2 min. The samples were then partially etched by 10 mM acetic 
acid (pH 3.5) for 1-3 min and neutralized with 10 mM NaHCO3. The partially 
etched nacre lamellae were thoroughly washed with DI water and were ready for 
immunolabeling [3]. 


8.1.13 Immunolabeling of Nacre 


Completely decalcified lamellar sheets, as well as partially etched nacre lamellae, 
were blocked in 10% goat serum for 2 h. Then, they were incubated with a primary 
antibody at concentration of 5 ug/mL or preimmune serum for 2 h. The samples were 
then incubated with a secondary antibody (anti-SM, P-anti-NCA, or anti-P43) or a 
mouse monoclonal antibody that recognized nacrein (M-anti-NCA). The secondary 
antibodies were goat anti-rabbit/mouse coupled to rhodamine (Santa Cruz) and goat 
anti-rabbit coupled to 12 nm gold particles (Jackson). In every step of 
immunolabeling, the samples were washed three times with PBS containing 
0.05% Tween 20 for 5 min. At last, samples were washed in water. The 
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rhodamine-labeled samples were examined by a fluorescence microscope (Leica 
DIMR). The immunogold-labeled samples were dried overnight, carbon coated, and 
examined using a scanning electron microscopy [3]. 


8.1.14 In Vitro Crystallization Experiment 


The CO, diffusion method was adopted to synthesize crystals. The samples were 
prepared by placing two 35 x 10 mm CELLSTAR cell culture dishes, respectively, 
filled with 1 mL 10% H»,SO, and 4 mL 0.075 g/mL NH,HCO;, each into a 
100 x 20 mm glass Petri dish. The initial solution contained 10 mM CaCl, and 
different concentrations of MgCl. Crystallization experiments were carried out by 
mixing 50 uL initial solutions and 1 L ESM solution on silanized glass cover slips 
laid in the Petri dish. After 4 h precipitation, the crystallizing solution was removed. 
CaCO crystals were rinsed in ethanol and stored in a desiccator for further use [1]. 


8.1.15 X-ray Photoelectron Spectroscopy (XPS) Analysis 


XPS was used for surface analysis. CaCO; crystals collected from crystallization 
experiments were collected for XPS analysis. A PHI-5300 Quantera XPS spectrom- 
eter (ULVAC-PHI, Japan) with a spherical sector analyzer and unmonochromatized 
Al Ka (E = 1486.7 eV) as an excitation source was used. Adventitious carbon, with 
a binding energy of 284.8 eV on clean metal surfaces, was utilized as an internal 
standard for charge correction for all samples [4]. 


8.1.16 Meg Content of the Prismatic Layer 


3.0 g of shells separated from the prismatic layer of P. fucata was dissolved with 
500 pL 37.5% HCl for 3 h. The resulting solution was filtered with a 0.22 um 
membrane filter and diluted to 50 mL. Quantifications of Ca and Mg were performed 
using an ICP-OES (Thermo Electron Corp., Franklin, USA). A reagent blank was 
prepared by diluting 500 uL 37.5% HCl to 50 mL with DI water [4]. 


8.1.17 Isolation of the Film Proteins 


After the shells being rinsed with EDTA (0.5 M) for 30 min, the film was separated 
from the shells. The detached film was rinsed again with EDTA (0.5 M) until it was 
completely decalcified. The decalcified film was washed extensively with water and 
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collected by centrifugation. After that, the film was ground in a mortar with 
continuous addition of fluid nitrogen. The powder-like products were dissolved in 
water and the soluble and insoluble fractions were collected by centrifugation. The 
insoluble fraction was stored at —20 °C, while the soluble fraction was subjected to 
ammonium sulfate fractionation. The precipitate was dissolved in water, and then it 
was extensively dialyzed against DI water and concentrated by ultrafiltration 
(Millipore; cutoff, 5 kDa) [5]. 


8.1.18 Amino Acid Analysis of the Film Proteins 


For amino acid analysis, the soluble and insoluble fractions of the film were 
hydrolyzed under vacuum in HCL (6 N) at 110 °C for 24 h. Then, samples and 
amino acid standards were analyzed on the amino acid analyzer. The amino acid 
compositions of the samples, expressed as mole percentage, represent the average of 
three independent determinations [5]. 


8.1.19 CaCO; Precipitation Experiment 


In brief, 10 mL of sample solution was mixed with NaHCO; (100 mL, 40 mm, 
pH 8.7). After the addition of CaCl, (100 mL, 20 mm) to the mixed solution, the 
formation of CaCO; precipitates was monitored by recording the turbidity. Changes 
in the turbidity of the solutions were measured every minute for 5 min by the 
absorbance at 570 nm using a spectrophotometer [5]. 


8.1.20 Crystallization in the Presence of the Inner—Shell Film 


After being immersed in 0.5 M EDTA for 12 h, the inner-shell film was detached 
from the shell with a pair of forceps. The detached film was rinsed thoroughly with 
distilled water. Then the film was immersed in the calcitic crystallization solution 
with or without the water-soluble proteins of the nacre. After 24 h, the crystal 
precipitated on the film was characterized [5]. 


8.1.21 Implantation Procedure and Sample Collection 


The implantation procedure was conducted as described by the UC Santa Barbara 
group, with some modifications. Square microscope cover glass (approximately 
36 mm? by 0.15 mm thick) covered by inner-shell film and the cover glass used as 
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a control were inserted into the extrapallial cavity (the region between the mantle and 
Shell) of a total of 100 individuals. Care was taken to avoid damage to the mantle 
tissue. After implantation, oysters were returned to the seawater tanks for 5, 10, 
15, 20, or 25 days. Implants remained in contact with the shell-facing side of the 
mantle organ throughout the duration of their incubation. At each sampling time, 
18 oysters were randomly divided into three groups and sacrificed, and the mantle 
facing sides of the cover glass were gathered and kept in liquid nitrogen for total 
RNA extraction. Mantle tissues without facing sides of the cover glass were col- 
lected as controls. These implants were excised from the shell with a scalpel and 
dried for examination [6]. 


8.1.22 Typical Pearl and Pearl Sac Selection 


P. fucata were cultured at the Guofa Pearl Farm, Beihai, Guangxi Province, China. 
Aragonitic nuclei and mantle grafts were implanted in the gonads of a total of 
800 individuals on 10 April 2009. On the 5th, 10th, 15th, 20th, 25th, 30th, and 
35th day following implantation, 60 oysters with aragonitic nuclei were harvested, 
and the pearl sacs were carefully isolated from the gonad tissues. The nuclei were 
then separated from the pearl sacs for study [6]. 


8.1.23 FTIR 


For FTIR investigations, the crystals were collected from the cover glass, and KBr 
pellets were produced with a 1% sample and analyzed on a Perkin-Elmer model 
1600 FTIR spectrometer. All the spectra were recorded at 4 cm7’ resolution with 
64 scans with a strong Norton—Beer apodization [6]. 


8.1.24 Statistical Analysis 


The cDNA of the three groups was detected at sampling time and repeated three 
times for each sample. After data analysis, we standardized the 2 — AACt of each 
gene by taking the fifth day as the zero point. Data were compared by one-way 
analysis of variance (ANOVA) and with post hoc comparisons by Duncan’s Mul- 
tiple Range Test using the software SPSS 20.0. All tests were performed at a 
significance level of 5% [6]. 


8.2 Study Biomineralization by Using In Vitro Model 703 
8.1.25 Primers 


Refer to Supplementary Table 8.1 for details. 


8.2 Study Biomineralization by Using In Vitro Model 


8.2.1 Localization of Shell Matrix Proteins in Biominerals or 
CaCO; 


Although identification of biomineralization-related proteins is a prerequisite to 
better understand biomineralization, their spatial location and function are also 
important. Knowing the spatial location of these proteins is challenging because of 
their small size and diversity. 

Annular dark-field scanning transmission electron microscopy (ADF-STEM) 
coupled with three-dimensional (3D) reconstruction has been applied for nanoscale 
visualization of biomacromolecules within calcite from Atrina rigida shells [7] and 
calcite single crystals grown in agarose hydrogels [8], respectively. The organic 
matters are found to exist as network or aggregates inside the calcite [8]. Electron 
tomography has also been used to show organic-containing voids in the biominerals. 
X-ray absorption near-edge structure (XANES) spectroscopy is used to characterize 
the organic contents along the axis of prisms, indicating the presence of concentrated 
organic regions [9]. XANES has also been used to show that Asp-rich peptides can 
be occluded in calcite and permanently disorder crystals at both short- and long- 
range distances [10]. Pulsed-laser atom-probe tomography (APT) has been used to 
construct 3D chemical maps of the organic fibers in nanocrystalline magnetite 
mineral in the tooth of the chiton Chaetopleura apiculata [11]. These methods 
enable us to visualize 3D structures of organics occluded in biominerals, but cannot 
show how one type of biomacromolecule is distributed. X-ray powder diffraction 
(XRD) is a powerful tool to show that incorporation of organic matters into 
biominerals can cause anisotropic lattice distortions along the c-axis compared 
with their non-biogenic counterparts [12]. Using this approach, Boaz Pokroy et al. 
screened the incorporation of 20 amino acids into calcite, and they found that amino 
acid charge, size, rigidity, and the relative pKa of the carboxyl and amino functional 
groups were important factors for the interaction with the mineral phase [13, 14]. 

As a complementary method, Weber et al. recently used recombinant green 
fluorescent protein (GFP) fusion proteins to study the effects of perlucin—a lectin 
protein from the nacre of Haliotis laevigata—on the crystallization of CaCO3 and 
visualized them by confocal laser scanning microscopy (CLSM) [15, 16]. By XRD, 
they found that GFP-—perlucin can be incorporated into the calcite and induced 
concentration-dependent anisotropic lattice distortions along the host’s c-axis 
[16]. However, GFP is a relatively large protein with a molecular weight (MW) of 
26.9 kDa compared to 17.9 kDa perlucin. 
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8.2.1.1 Localization of Matrix Proteins in Biominerals or CaCQ3 by 
Immunolocalization 


In this chapter, two methods will be introduced. The first is the immunolocalization 
approach, in which antibodies against biomineralization proteins are used to localize 
the specific proteins in the shells. This method can indirectly observe the spatial 
relationship between the organic and mineral phases, but it cannot reflect how 
proteins are distributed within the mineral. Immunolocalization has been widely 
used to study the functions of matrix proteins in the growth of biomaterials, such as 
sea urchin, coral skeletons, and shells [17, 18]. Antibody inhibition assay is proved 
to be a reliable method for investigation of the functions of matrix proteins in the 
growth of nacre lamellae in vivo [19]. When injected into the extrapallial fluid 
between shell and mantle tissue, where nacre calcification occurs, the antibodies 
against a specific matrix protein could interrupt the action of this protein in calcifi- 
cation, resulting in abnormal growth of nacre. 

The functions of this protein in nacre formation will be reflected from the 
abnormal growth pattern. Nacrein is a major soluble matrix (SM) protein in the 
nacre of the P. fucata and has carbonic anhydrase activity [20], which is essential for 
rapid shell development [21]. Moreover, nacrein-like proteins are conserved in 
bivalves and gastropods and thus are thought to play important roles in nacre 
formation [22]. In this study [3], we conducted immunolocalization and antibody 
inhibition assays to examine its function in nacre formation. We also characterize an 
insoluble matrix (ISM) protein by the antibodies raised against the recombinant 
protein of P. fucata bone morphogenetic protein 2 (Pf-BMP-2). A better understand- 
ing of the structural and functional roles of SM and ISM proteins in nacre biomin- 
eralization will provide knowledge to mimic nacre formation. 

After complete decalcification of lamellae, only organic interlamellar sheets 
remained, and individual crystal imprints on the sheets were no longer detected by 
a microscope (Fig. 8.la). Because high molecular weight of antibody complex for 
immunolabeling makes them hardly diffusing through the sheets, immunolabeling of 
matrix proteins in decalcified nacre lamellae mostly reflects their distributions in the 
surface layer of interlamellar sheets [18]. 

Immunolabeling experiment showed that SM proteins existed in polygonal crys- 
tal imprints in the organic matrix sheet (arrowhead) as well as the central regions of 
the imprints (arrow, Fig. 8.lc), suggesting that SM proteins constitute the 
intertabular matrix and the nucleation sites. Immunolabeling using P-anti-NCA 
and M-anti-NCA both discerned polygonal crystal imprints (arrowheads), but indis- 
cernible staining was observed in the central area (Fig. 8.1d, e), indicating that 
nacrein may be localized to intertabular matrix. In the negative control of 
immunolabeling, in contrast, no staining was shown in the matrix sheet 
(Fig. 8.1b). Figure 8.2 showed the distributions of nacrein and P43 in the cross 
section of nacre lamellae (section parallel to the c-axis). The immunogold labeling 
confirmed that nacrein widely distributes in nacre lamellae and is embedded in the 
mineral phase as calcium carbonate crystals growing (Fig. 8.2c, d). P43 distributes 
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Fig. 8.1 (a) Light micrograph of completely decalcified interlamellar sheets, in which only organic 
matrix remained; the lines in the picture are due to folds in the interlamellar sheet. (b-f) Fluores- 
cence micrographs of decalcified interlamellar sheets labeled by preimmune serum, anti-SM, P-anti- 
NCA, M-anti-NCA, and anti-P43, respectively. Arrowheads indicate the stained intertabular matrix. 
Arrow in (c) indicates the stained area in the center of the crystal imprints. Bar, 20 um 





Fig. 8.2. Immunogold labeling the cross section of partially etched nacre lamellae (section parallel 
to the c-axis). (a, c, and e) The lamellae labeled by pretmmune serum, P-anti-NCA, and anti-P43, 
respectively; (b, d, and f) SEM-BSE imaging the immunogold staining in the lamellae of (a, c, and 
e), respectively. Bars, (a and b) 500 nm; (c and d) 400 nm; (e and f) 500 nm 


within the lamellae (Fig. , black arrows) and is also localized to interlamellar 
matrix at interface with the mineral phase (Fig. , white arrows). As expected, 
the negative controls displayed a low background (Fig. b). 

The results show that SM and ISM proteins differentially distribute in nacre 
lamellae. Some regulating activities of matrix proteins in the growth of aragonitic 
tablets would be indicated by antibody inhibition assays. The analysis of abnormal 
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growth pattern of aragonitic tablets along with immunolocalization would further 
reveal the regulatory mechanisms of matrix proteins in nacre formation. 


8.2.1.2 Localization of Shell Matrix Proteins in Biominerals or CaCO; 
by Immunolocalization by Light Microscopy 


Another possible approach to visualize proteins in crystals is to label macromole- 
cules with small fluorescent molecules. Fluorescein isothiocyanate (FITC) is a 
derivative of fluorescein with a MW of 389.38 Da and has excitation and emission 
spectrum peak wavelengths of approximately 495 nm and 519 nm. In order to probe 
the distribution mode of biomineralization proteins inside crystals, FITC were used 
to label proteins extracted from the shells of P. fucata. By using CLSM in 2D mode 
and Z-stack imaging, we were able to determine the distribution of FITC-labeled 
proteins inside the artificial calcite according to their fluorescence intensity [1]. 

The extracted proteins were divided into two groups according to their origins 
from the prismatic calcite or nacreous aragonite layer: ESM-P and ESM-N (ESM, 
EDTA-soluble matrix; P, prismatic layer; N, nacreous layer). Before determining the 
location and distribution of these proteins in synthesized CaCOs, their effects on the 
crystal growth and morphology were investigated. Compared with the rhombohedral 
crystals of the control sample (Fig. 8.3a), ESM-P significantly affected the morphol- 
ogy of CaCO3, forming round crystals with diameters of 5-10 pm (Fig. 8.3b). 
Moreover, the surfaces of the crystals were rougher than the control. When 
ESM-N was used as the additive, truncated patterns were obtained at the edge of 
the crystals (Fig. 8.3c). 

Confocal laser scanning microscopy (CLSM) is a technique for obtaining high- 
resolution optical images with depth selectivity, allowing imaging at a controlled 
and highly limited depth of focus [23]. CLSM is widely used in numerous biological 
science disciplines, from cell biology and genetics to microbiology and develop- 
mental biology by labeling biological objects with fluorescent markers [23]. There- 
fore, CLSM can be a powerful tool to visualize interaction between organic matters 





Fig. 8.3. Scanning electron microscope (SEM) images of CaCO; crystals obtained without the 
addition of any proteins (a) and in the presence of ~2.5 ug-mL! ESM.-P (b) and ESM-N (c). Insets 
are their magnified images. ESM-P, EDTA-soluble matrix from the prismatic layers of Pinctada 
fucata; ESM-N, EDTA-soluble matrix from the nacreous layers of Pinctada fucata 
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with inorganic materials such as crystals [24, 25]. Figure 8.3 shows the confocal 
laser scanning micrograph of calcium carbonate precipitated with dye-labeled pro- 
teins as the additives. 

FITC was used because of its availability and small molecular weights compared 
to GFP. FITC is negatively charged and has a deprotonated carboxyl group on the 
phenyl ring at pH 8.0 (the pH of reaction solution). In the control group in which no 
additives were added, no fluorescence was observed at 488 nm with intensity of 18% 
(Fig. 8.4a-a2). Under the same condition, when FITC was added in the CaCl, 
homogenous fluorescence was observed inside the calcite (Fig. 8.4b-b2), and the 
morphology was identical to the control group, indicating FITC has no preference 
binding to specific faces of calcite. Interestingly, when FITC-ESM-P protein was 
added, the rounded particles were formed, and heterogeneous fluorescence was 
observed. Specifically, the fluorescence was more concentrated at the edge of 
particles (0.6-1.7 um in depth below the surfaces of particles) (Fig. 8.4c-c2). 
When FITC-ESM-N protein was added, rhombohedral crystals with blur surfaces 
under optical microscope were formed, and heterogeneous fluorescence was found. 
The fluorescence was concentrated at the center (with an area of 1-4 jum”) of crystals 
(Fig. 8.4d—d2). To exclude the possible misinterpretation caused by the different 
orientation of CaCO3 on the glass cover, we performed z-stack imaging in a region 
of 200 x 200 um? with 9 um height (interval 0.75 um). 

Calcites in the ESM-P group showed a hole in the center of globular particles 
(Fig. 8.5a); calcites in the ESM-N group showed strong fluorescence at the center of 
crystals (Fig. 8.5b). Figure 8.5c shows that in the ESM-P group, fluorescence 
intensity at the edge of particles is 2—5 times than the other parts. By contrast, in 
the ESM-N group, fluorescence intensity at the center of particles is 5—10 times than 
the other parts (Fig. 8.5d). 

In summary, by using FITC-labeled proteins extracted from the shell of P. fucata 
as the additives, a heterogeneous distribution of biomineral-associated matrix pro- 
teins inside synthetic calcite at the microscale was observed for the first time 
according to the fluorescence intensity. The distribution may be related to their 
secondary structures and functions. This study shows the use of small-molecule 
dye-labeled matrix proteins as the additives for the visualization of protein distribu- 
tions in crystals. Moreover, it indicates that different distribution patterns of proteins 
may occur in natural biominerals and may inspire synthesis of biocomposite 
materials. 

Although it is possible to visualize the distribution of proteins at the microscale, 
the information obtained is still limited due to the diffraction limit of traditional light 
microscopy (approximately 200 nm), which is much larger than the sizes of a single 
protein molecule or protein complexes. Super-resolution light microscopy such as 
stochastic optical reconstruction microscopy (STORM) has achieved three- 
dimensional multicolor fluorescence imaging of cells and tissues with subdiffraction 
limit resolution of approximately 10 nm, leading to the discoveries of previously 
unknown cellular structures and the structures of many molecular assemblies in cells 
[26, 27]. Direct STORM has been used to visualize the distribution of gelatin in 
vaterite and calcite as well to investigate the process by which gelatin is excluded 
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Fig. 8.4 Confocal laser scanning micrographs of CaCO3 precipitates. (a, al, a2) The control 
CaCO; formed without the addition of proteins. (b, b1, b2). The CaCO; formed in the presence of 
fluorescein isothiocyanate. (c, cl, c2). The CaCO; formed in the presence of FITC-labeled ESM-P 
proteins. (d, d1, d2). The CaCO3 formed in the presence of FITC-labeled ESM-N proteins. (a—c) are 
images taken at 488 nm laser excitation (intensity, 18%); al, b1, and cl are bright-field images; a2, 
b2, and c2 are the merge images. Scar bars, a—a2 and b—b2, 20 pp m; c—c2 and d—d2, 5 um 


from the crystals [28]. However, direct observation of biomineralization-related 
protein occlusions inside calcium carbonate with high-resolution optical microscopy 
is lacking. 

Then, we labeled soluble nacre proteins extracted from the nacreous layers of the 
P. fucata with cyanine 5 (Cy5) and then directly visualized the distribution patterns 
of nacre proteins inside the whole synthetic calcite with STORM imaging [2]. The 
samples were still the same as those used in the CLSM mode (Fig. ) but were 


8.2 Study Biomineralization by Using In Vitro Model 709 





Sherri eee) oe rt 





Fig. 8.5 Z-stack images of CaCO; formed in the presence of FITC-labeled ESM-P (a) and ESM-N 
proteins (b) (scanning depth 9 um, interval 0.75 jm, area 200 x 200 m°). Fluorescence signal 
intensity across the lines in the crystals in the presence of FITC-labeled ESM-P (c) and ESM-N 
proteins (d) (The analysis was performed using ZEN 2012, Zeiss) 


observed under STORM imaging, and it can be seen that detailed distribution 
patterns of proteins were revealed in the 2D projections of 3D imaging (Fig. ). 
Based on the full width at half maximum (FWHM) of gray values in a single 
fluorescence spot, the resolution of the images was approximately 31 nm. Clearly, 
three forms of fluorescent clusters, which reflect the distribution of proteins, were 
observed: chain-like with lengths of 0.4—1.8 um (Fig. , a green ellipse), islet-like 
with diameters of 30-400 nm (Fig. , green arrows), and haze-like clusters 
(Fig. , a green rectangle). These three forms of fluorescence clusters can be 
found in the crystal in the presence of 50 (Fig. ) and 100 pg-mL~' ESM 
(Fig. ) as well. From the plot profiles of gray values in the yellow lines 
(Fig. ), 1t can be seen that the gentle curves of gray values in the CLSM 
mode became peaks in the STORM imaging (Fig. ), Indicating distinct protein- 
rich and protein-poor regions. In addition, it is found that as the concentration of 
ESM increased, the average diameters of islet-like particles improved, which were 
74, 157, and 212 nm for 20, 50, and 100 pg-mL', respectively (Fig. ). Notably, 
from STORM data, small crystals do not have homogeneous distribution of protein, 
rather the outer edge. It is possible that, in CLSM, due to light diffraction limitation, 
two spots with distance less than 200 nm cannot be distinguished and were visual- 
ized as blurred areas as shown in Fig. , while STORM has a resolution of about 
30 nm and the same areas in the CLSM can be distinguished as separated areas. From 
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Fig. 8.6 STORM imaging of CaCO; formed in the presence of ESM. (a) Confocal images of 
CaCO; crystals formed in the presence of 20 pg-mL~' Cy5-labeled ESM. STORM images of 
CaCO, crystals formed in the presence of 20 (b), 50 (c, d), and 100 ug-mL | (e, f) Cy5-labeled 
ESM. (g) Plot profile of gray values corresponding to the yellow lines in panels a and b. (h) 
Diameter of islet-like occlusions in the CaCO 3 crystals. Each box plot presents the measured 
distribution of values per group. The box encloses the range from the first to third quartile. The 
horizontal line and the square within the box represent the median and the mean of the distributions, 
respectively 


the magnification of the STORM pictures (Fig. 8.6d, f), it can be seen that the 
fluorescence of one particle was continuous rather than being made up of small 
fluorescence dots, indicating that proteins possibly aggregated inside the crystals. 
Interestingly, as the concentration of ESM increased, a two-ring pattern with a 
protein-poor region flanked by protein-rich regions appeared with an average diam- 
eter of 1.5 pm, especially in the presence of 50 pg-mL~' ESM (Fig. 8.6c, blue 


8.2 Study Biomineralization by Using In Vitro Model 711 


arrows). The protein-poor region in the crystals should correspond to the decreased 
fluorescence region between the outer edge and inner edge observed in the CLSM, 
showing that STORM imaging can enable us to identify and corroborate unprece- 
dented and unique structures or patterns in the whole crystals. At the concentration 
of 100 pg-mL~’, the two-ring patterns in the crystal became less obvious. However, 
it is found that, at the edges of large crystals, fluorescence patterns similar to the 
edges of small rhombohedral calcium carbonates were observed (Fig. 8.6c, blue 
rectangles). 

In summary, we used the super-resolution microscopy method STORM to 
directly observe the Cy5-labeled nacre proteins in the synthetic calcite. Due to the 
improved resolution, we found three forms of occlusions in the calcite and a unique 
and unprecedented two-ring pattern with a protein-poor region flanked by protein- 
rich regions in the whole calcite. This study will improve our understanding of the 
internal structures of biominerals or synthetic minerals and has implications for 
synthesizing nacre-like materials with increased mechanical properties. 


8.2.2 Tuning Calcite Magnesium Content by Soluble Shell 
Matrix 


Mg as the principal impurity ion accommodated by the calcite lattice, Stephenson 
et al. found that its incorporation is susceptible to additive effects. In the presence of 
a carboxyl-rich synthetic peptide, the calcite Mg content showed an increase of up to 
3 mol% [29]. Calcite Mg content has been extensively studied because the Mg/Ca 
ratio of marine sediments and calcified organic structures is a widely used 
paleothermometer when reconstructing the past earth environment [30]. This finding 
provided a probable explanation for the unexplained deviations observed in pre- 
dictions using biogenic calcites. However, if this mechanism of impurity control is 
also utilized in biomineralization, similar activities would be associated with 
biomineralization-related natural biomolecules, and in consequence of physiological 
control rigor, negative regulators must therefore exist with positive regulators. Here, 
we extracted the two soluble matrices from a bimineralic bivalve, Pinctada fucata, 
seeking to ascertain whether or not they may affect the incorporation of Mg into 
calcite differently [4]. 

Morphology of the precipitated crystals was characterized by SEM observation. 
Despite varying in size, SEM observation confirmed that the morphology charac- 
teristics were homogeneous for crystals within the same group. Rhombohedral 
crystals were generated by the initial solution alone (Fig. 8.7A, a), with their surfaces 
slightly modified, which may be ascribed to the poisoning and incorporation of Mg”* 
. For crystals grown in the presence of either ESM (Fig. 8.7B, b, C, c), the 
morphologies were intensively modified. Nonetheless, they retained some polyhe- 
dral characteristics that resembled calcite traits. Raman spectra have demonstrated 
that all of the analyzed single crystals were calcitic (characteristic peak at about 
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Fig. 8.7 Morphology and polymorph of CaCO; crystals. SEM images of CaCO; crystals and 
corresponding Raman spectra. (A, a) Crystals grown in the initial solution without additive. (B, b) 
Crystals grown with prismatic ESM in the initial solution. (C, c) Crystals grown with nacreous ESM 
in the initial solution. (D, E, F) Raman spectra corresponding to (A), (B), (C). Scale bars, 100 um in 
(A), (B), (C); 10 um in insets. Crystals shown in this figure were prepared at a Mgt concentration 
of 1.25 mM 


281 cm™! in the lattice mode region); therefore, their respective Mg contents were 
comparable. The high baseline of the Raman spectra in Fig. 8.7E, F indicates the 
adsorption of organic ESM components on the crystal surface. The crystals shown in 
Fig. 8.7 were grown at a Mg** concentration of 1.25 mM, with similar morphology 
and polymorph characteristics observed for crystals prepared with lower Mg” 
concentrations. The prismatic EDTA-soluble matrix (ESM) of Pinctada fucata 
was found to significantly reduce calcite Mg content when presented as an additive. 
Together with the Mg exclusion effect identified in the prismatic layer of P. fucata, a 
novel mechanism was proposed that organisms might use the additive effect to 
control the crystal impurity content in a solution of defined element composition. 
The precipitation inhibition assay and the direct ion-binding assay demonstrated that 
the ESM effect is realized neither by altering the precipitation rate nor by regulating 
the relative ion activity in the crystallizing solution. A plausible correlation between 
crystal impurity control and polymorphism determination was also discussed. 

The result of the overall EDS analysis is indicated in Fig. 8.8. Long error bars are 
observed because a relatively large deviation is associated with EDS analysis, and 
only six parallel measurements were performed for each point. However, with such 
precision, it is clearly indicated in Fig. 8.8 that the calcite Mg contents of the 
prismatic ESM groups were significantly reduced. Values of nacreous ESM groups 
also showed a slight reduction. In order to test the significance of the reduction 
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Fig. 8.8 ESM effects on calcite Mg content. Mg contents of calcites precipitated without additive, 
with prismatic ESM, and with nacreous ESM are marked with different symbols. Calcite Mg 
content is dependent on the solution Mg concentration. The values decreased significantly when 
prismatic ESM presented in solution. A slight reduction effect is also observed for nacreous ESM 


effects, another trial was conducted with a Mg concentration of 1.25 mM (higher 
concentrations will result in severe crystal growth inhibition). One-way ANOVA 
analysis showed that the Mg-content difference between the control and the pris- 
matic ESM groups was highly significant (p = 0.000) and the difference between the 
control and the nacreous ESM groups was significant but very close to the critical p 
value (p = 0.049, significance level: p = 0.05). Crystals grown with 1 mM EDTA in 
the crystallizing system, which would be regarded as a substantially high concen- 
tration if there were any EDTA remains, displayed no significant difference with Mg 
content. 

Our major findings in this study are as follows: [1] Significant Mg-content 
reduction was observed for calcite grown with additive prismatic ESM. Light 
reduction of bulk phase Mg content but an increase of surface Mg content was 
observed with crystals grown with nacreous ESM. (2) The prismatic layer of 
P. fucata is subject to a physiological Mg exclusion effect. The additive effect of 
prismatic ESM may have contributed to this phenomenon [3]. Preliminary mecha- 
nism studies showed that the Mg exclusion effect of ESM is achieved neither by 
altering the crystal precipitation rate nor by directly altering the solution’s relative 
ion activity. 
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$8.3. The Function of Inner Film in Biomineralization 


8.3.1 The Inner-Shell Film Is an Immediate Structure 
Participating in Shell Formation 


In mollusks, the inner-shell films are located in the shell-mantle zone and they are 
important in shell formation. Previous studies showed that the films play an inter- 
mediary role in shell formation or dissolution [31]. In the pearl oyster P. fucata, an 
organic sheet is observed in pearl sac—nacre preparation [32]. However, no further 
characterization has been performed. In this study [5], we found that a thin organic 
film indeed formed the inner surface of the shell in P. fucata. Furthermore, some- 
times, a two-layer structure of the film was definitely observed in the extrapallial 
zone of the shell. The analysis of the amino acid composition indicated that the film 
proteins may contain shell framework proteins. The in vitro CaCO; crystallization 
and precipitation experiments showed that the film proteins not only could inhibit the 
growth of calcite but also could promote the precipitation of CaCO3. 


8.3.1.1 SEM Observation of the Film 


To detect the film in the pearl oyster, the shell section samples were observed by 
SEM. Comparison of the samples processed with and without EDTA revealed a film 
that forms the inner surface of the shell (Fig. 8.9). As shown in Fig. 8.9, the film 
exhibited different appearance in different zones of the shell. Mostly, the film of the 
central and extrapallial zone has a similar appearance, where a distinct polygonal 
shape can be seen (Fig. 8.9a, c). This suggested that the underlying substance was 
aragonite crystal. However, in a few cases, the film in these two zones seemed too 
thick to easily distinguish the shape of the underlying substance (Fig. 8.9b, d). In 
these cases, a vague polygonal shape of the underlying aragonite tablets can be seen 
in the central zone (Fig. 8.9b, indicated by arrows), whereas a vague round-like 
shape can be observed in the extrapallial zone (Fig. 8.9d). When the film was 
reversed with forceps, some distinct aragonitic tablets were observed. From the 
sample of a partially reversed film (Fig. 8.10), it is seen that the aragonitic tablets 
not only form the surface of the nacre (Fig. 8.10, left) but also adhere to the shell- 
facing surface of the film (Fig. 8.10, right). 


8.3.1.2 Amino Acid Compositions of the Film Proteins 


The amino acid analysis showed that both the soluble and insoluble proteins of the 
film were rich in Gly and Ala, and they were composed of 16 kinds of amino acids 
(Table 8.1). The total percentage of Gly and Ala in soluble and insoluble proteins of 
the film is 55.92 mol% and 59.88 mol%, respectively. No Cys was detected in the 
film proteins. 
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Fig. 8.9 SEM images of inner-shell film (in situ). The samples were treated without the use of 
EDTA. (a) and (b), the appearance of the film of the central zone. Some distinct and vague shapes 
(indicated by arrows) of aragonite are shown. (c) and (d), the appearance of the film of the 
extrapallial zone. Some distinct shapes of aragonite are shown in C, whereas some underlying 
round-like shapes are shown in (d). The bars are 5 um in (a), (b), and (c) and 2 um in (d) 


Fig. 8.10 SEM images of i y 
the nacre (left) and the shell- 
facing surface of the film 
(right). The film was 
reversed with forceps. Bar, 
2 um 
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8.3.1.3 Soluble Film Proteins’ Promotion of CaCO; Precipitation 


A series of precipitation experiments with or without the soluble film proteins were 
performed (Fig. ). The effect of the soluble film proteins on the rate of precip- 
itation of CaCO3 was determined by recording the increase of absorbance at 570 nm 
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Table 8.1 Amino acid analysis of the soluble and insoluble film proteins 














Amino acid Insoluble film proteins (mol%) 
Asp 9.40 
Glu 2.52 
Gly 3767 3.76 
Ala 16.12 
Thr 0.89 
Ser 5.89 
Val 1.93 
Met 0.95 
Lle 1.02 
Leu 6.35 
Tyr 1.78 
Phe 2.34 1.92 
Lys 2.12 1.83 
Arg 4.12 3.90 
His 0.19 0.19 
Pro L55 
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Fig. 8.11 Promotion activity of the film proteins on CaCO; precipitation. Changes in the turbidity 
of the assayed solutions are shown. The vertical axis: absorbance at 570 nm 


in a saturated CaCO; solution. The initial absorbance, which depended on the 
CaCO; concentration, was about 0.032, while CaCO; was formed at room temper- 
ature in less than 5 mins. When the soluble film proteins were added to the CaCO3 
solution, the absorbance of solution at 570 nm significantly increased in a 
concentration-dependent manner compared with that of the control (shown in 
Fig. 8.11). Water or BSA did not affect the absorbance intensity. 
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Fig. 8.12 Partial characterization of the inner shell surface. (a) The surface of calcite; b: the surface 
of aragonite; a and b are both covered by the inner-shell film. (c) The surface of the central region of 
the shell; (d) enlarged images of the boxed part in c. The star indicates the “imprint” of aragonite 
and the circle indicates “shaped” aragonite. Bars: a and c, 5 pm; b, 10 um; d, 2 um. Bottom: EDS 
analysis of the region of d 


8.3.2 In Vivo and In Vitro Biomineralization in the Presence 
of the Inner-Shell Film 


8.3.2.1 Morphology and Characteristic of the Inner—Shell Surface 


In Fig. 8.12, it can be seen that the surfaces of both calcite (Fig. 8.12a) and aragonite 
(Fig. 8.12b) covered the inner-shell film. In addition, besides the spiral aragonite, 
some dispersed aragonites were also found in the central region. Furthermore, some 
imprints of aragonite were found (Fig. 8.12d, indicated by a star), accompanied with 
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shaped aragonite (Fig. 8.12d, indicated by a circle). EDS analysis showed that the 
imprint and shaped aragonite were composed of CaCO3 (Fig. 8.12, bottom) [33]. 


8.3.2.2 Induction of Aragonite by Combination of the Inner—-Shell Film 
and Nacre Proteins 


The inner-shell film was detached from the shell (Fig. 8.13a) to determine its 
functions in aragonite formation. When the inner-shell film was immersed in the 
calcite crystallization solution, some crystals grew on it (Fig. 8.13c). No significant 
influence on calcite formation was observed. On the other hand, the water-soluble 
proteins of nacre could inhibit calcite growth, and the crystal was rounded 
(Fig. 8.13d) compared with the control, which produced typical rhombic calcite 
(Fig. 8.13b). When the inner-shell film and the nacre proteins were both presented in 
the solution, some spherical crystals were formed on the film (Fig. 8.13e). Raman 
spectra showed that these spherical crystals were aragonite (Fig. 8.13f). 

In summary, we found the following: [1] By the observation of inner-shell surface 
of the pearl oyster, amalgamated calcite crystals and aragonitic imprints were found 
in the calcite regions and the central part of the aragonitic regions, respectively. The 
imprints are probably due to the trace of mantle cells that adhered to the inner shell 
surface when the shells were produced [2]. To build a new in vitro biomineralization 
system, the inner-shell film was detached and was introduced to the calcite crystal- 
lization system. Crystallization experiments showed that nacre proteins induced 
aragonite crystals but inhibited calcite growth in the absence of the inner-shell 
film. These data suggested that the inner-shell film may induce aragonite growth 
in vivo with nacre proteins. 


8.3.3 Matrix Proteins Regulate Aragonite Nucleation 
and Growth with the Inner-Shell Film In Vivo 


The initial growth of the nacreous layer is critical for understanding the formation of 
nacreous aragonite. A flat pearl method in the presence of the inner-shell film was 
performed to evaluate the role of matrix proteins in the initial stages of nacre 
biomineralization in vivo [6]. 


8.3.3.1 Microstructure of Growth Surfaces in the Flat Pearl 


To investigate the process of nacre growth in the flat pearl, implantation experiments 
in vivo were performed. The transitory morphologies leading to steady-state crystal 
growth after nacre growth interruption were observed. The sequential morphologies 
of this growth sequence are presented in Fig. 8.14. In the inner-shell film system, the 
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Fig. 8.13 Crystallization experiments in the presence of the inner-shell film and nacre proteins. (a) 
The inner-shell film in water; (b) calcite induced in the crystallization solution without the film or 
proteins; (c) calcite induced in the presence of the film; (d) the modified calcite in the presence of 
nacre proteins; (e) aragonite induced by the combination of the film and nacre proteins. Bars: a, c, d, 
and e, 50 um; b, 30 um. (f) Raman spectra of the crystals precipitated on the film 


crystals randomly nucleated on the implanted inner-shell film, and they coalesced 
together to form the initial layer after 5 days of growth (Fig. 8.14a), when the inner- 
shell film around the crystals can be observed (Fig. 8.14a, arrow). On the tenth day 
after implantation, the crystals had spread across the entire substrate, and the 
deposited layer had coarse surfaces (Fig. 8.14b). Figure 8.14c showed that at 15th 
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Fig. 8.14 SEM images of the deposition on the surface. (a) 5d (the inner-shell film indicated by 
arrows), (b) 10d, (c) 15d, (d) 20d, (e) 25d, and (f) cross section of 25d (brick and mortar structure 
indicated by arrows) in the inner-shell film system. Growth direction is toward the top in (f). (g) 5d, 
(h) 10d (the new forming organic film indicated by arrows), (i) 15d, (j) 20d, and (k) 25d in the film- 
free system. (1) Prismatic layer of adult shell. Scale bars, 10 tm in (a), (b), (c), (d), (e), (g), Ch), G), 


(j), (k), and (1), 4 um in (Ê) 
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day, the morphology of deposited minerals became smoother than that at 10th day. 
The crystals were packed into a compact aggregation and the surface appeared 
flattened. After 20 days, the hexagonal flat tablets appeared on the surface 
(Fig. 8.14d), and some bigger tablets were formed by the fusion of crystals with 
disordered patterns. After 25 days, the surface showed a normal stair-like growth 
pattern, and the deposited crystals changed into the typical hexagonal flat tablets 
(Fig. 8.14e) that were structurally similar to the nacre of P. fucata. In addition, a 
brick—mortar arrangement was also observed in the cross section of the crystals after 
25 days (Fig. 8.14f arrow). 

In the film-free system, compared with the inner-shell film system, the surface of 
the cover glass was completely covered by prism-like crystals at fifth day 
(Fig. 8.14g). This prismatic structure was different from the calcitic prisms in the 
outer shell of adult P. fucata (Fig. 8.141). After 10 days, the spherical particles with 
acicular margins nucleated randomly on the surface, similar to the process at 5 days 
in the inner-shell film system (Fig. 8.14h). The newly formed organic layer around 
the spherical particles was also visible (Fig. 8.14h, arrow). After 15 days, the surface 
was completely covered by deposited minerals which were composed of irregularly 
shaped crystals (Fig. 8.141). The crystals became smaller and packed into compact 
aggregation, which resulted in a smooth surface after 20 days (Fig. 8.14j). After 
25 days, the crystals were amalgamated to form round tablets (Fig. 8.14k), and the 
surface did not appear to have a normal stair-like growth pattern. 


8.3.3.2 Polymorph of Deposited Crystals on the Surface 


To confirm the polymorph of crystals deposited on the surface of the substrate, the 
same stages were analyzed by Raman and FTIR spectroscopy. The Raman spectra 
are presented in Fig. 8.15. In the inner-shell film system, all of the crystals from the 
growth periods were aragonite (Fig. 8.15a), which exhibited characteristic bands at 
154, 206, 706, and 1085 cm '. The baseline of Raman spectra increased signifi- 
cantly from 5 to 10 days, decreased at day 15, and then showed a relatively steady 
level between days 15 and 25 (Fig. 8.15a). In the film-free system, Raman analysis 
confirmed the crystals to be aragonite (Fig. 8.15b) except for the deposition on day 
5. The Raman spectra revealed the crystals on the cover glass as calcite, with three 
bands at 282, 712, and 1086 cm! (Fig. 8.15b). This was different from the 
polymorph of calcium carbonate in the inner-shell film system at 5 days. The 
baseline of Raman spectra also showed a different pattern from that in the inner- 
Shell film system (Fig. 8.15b). The baseline increased gradually from days 5 to 
15, suddenly decreased at day 20, and then increased again at day 25 (Fig. 8.15b). 
Because Raman spectra can only identify small areas of crystals on the surface of the 
inner-shell film, it is necessary to characterize the entire crystal. Thus, we collected 
crystals grown on the inner-shell film and characterized them by FTIR. The crystals 
on the surface of the film at each period demonstrated bands at 700, 712, 858, and 
1082 cm’ (Fig. 8.16a), indicating that the crystals deposited in this system were all 
aragonite. In the film-free system, the spectrum of the crystals on the surface of the 
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Fig. 8.15 Raman spectra of the crystals deposited on the surface. (a) The inner-shell film system, 
(b) the film-free system. The characteristic peaks of calcite are at 282, 712, and 1086 cm! (5d in 
B), and the characteristic bands of aragonite are at 154, 206, 706, and 1085 cm! 


cover glass at day 5 contained the typical bands of calcite at 712 and 876 cm™’ 
(Fig. 8.16b). The crystals over the other periods were confirmed to be aragonite by 
FTIR. The characteristic bands of calcite and aragonite were observed to occur 
simultaneously at day 10 because of the mixture of calcite at day 5 and aragonite 
at day 10, and the characteristic bands of calcite disappeared with increasing 
aragonite content after day 15 (Fig. 8.16b). 


8.3.3.3 Expression Patterns of Genes during the Initial Stages of Nacre 
Growth 


In the inner-shell film system, the expression levels of Pif80, MSI7, nacrein, MSI60, 
N19, and N16 showed similar patterns (Fig. 8.17a, b, d, e, f, g), which increased 
significantly and reached a maximum at 10 days, and suddenly decreased at 15 days 
to their minimum value at 20 days, and then increased at 25 days again. The 
expression level of ACCBP increased significantly and reached a maximum at 
10 days and then suddenly decreased at 15 days and remained at low levels from 
15 to 25 days (Fig. 8.17c). In the film-free system, the expression level of MSI7 
decreased gradually to a minimum value at day 25 (Fig. 8.17h). The expression 


8.3. The Function of Inner Film in Biomineralization 723 


3 ~ 
m cd 
5 3 858 
3 § 1082 "i2 700 
5 b 25d 
= ‘a 

20d 

V1 5d 

712700 
1082 858 700 25d 
858 
R76 
712 
\ 1082 700 
20d ae | 
\ 1 
ao i 876 s 
a lOd 
712 
Sd we 5d 

1600) 1400 1200 1000 800 600 1600 1400 1200 1000 800 600 
A wavenumbers(cm’') B wavenumbers(cmt') 


Fig. 8.16 FTIR spectra of the crystals collected from the surface. (a) The inner-shell film system, 
(b) the film-free system. The characteristic bands of calcite are at 712 and 876 cm! (5d in b), and 
the characteristic bands of aragonite are at 700, 712, 858, and 1082 cm”! 


patterns of nacrein, MSI60, N19, N16, and Pif80 were similar and increased 
gradually from 5 to 15 days and then decreased sharply at 20 days to their maximum 
value at 25 days (Fig. 8.171, k, l, m, n). The expression of ACCBP increased 
gradually from day 5 to day 15 and remained high from 15 to 25 days (Fig. 8.17}). 
The aragonite crystals nucleated on the surface at 5 days in the inner-shell film 
system. In the film-free system, the calcite crystals nucleated at 5 days, a new organic 
film covered the calcite, and the aragonite nucleated at 10 days. Matrix proteins 
(nacrein, MSI60, N19, N16, and Pif80) had similar expression patterns in controlling 
the sequential morphologies of the nacre growth in the inner-film system, while these 
proteins in the film-free system also had similar patterns of expression. 

In summary, we showed that the switch in phase from calcite to aragonite requires 
the deposition of a new nucleating organic sheet in vivo. This finding may be 
explained by the strong interaction between the growing crystal and the surface of 
the inner-shell film, which may directly participate in calcite-to-aragonite transition 
as nucleation surface and predefined mold. The formation mechanism of the com- 
posite nacre is still under debate including the polymorph switching between calcite 
prism and aragonite nacres. One explanation is based on a hetero-epitaxial nucle- 
ation model of aragonite tablets on the organic chitin sheet proposed by Weiner et al 
[34]. In this study the aragonite crystals are formed on the surface of the inner-shell 
film at 5 days, and the inner-shell film is an assembly of 6-chitin frameworks, silk- 
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Fig. 8.17 The relative expression of genes encoding matrix proteins at different stages of nacre 
growth. (a), (b), (c), (d), (e), (f), and (g) The relative expression levels of MSI7, nacrein, ACCBP, 
MSI60, N19, N16, and Pif80O in the inner-shell film system, respectively. (h), (i), G), (K), ©), (m), 
and (n) The relative expression levels of MSI7, nacrein, ACCBP, MSI60, N19, N16, and Pif80 in 
the film-free system, respectively. Values in the same figure with a different superscript are 


significantly different (p < 0.05) 
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like protein, and acidic macromolecules. These results imply that nucleation of 
aragonite crystals also can be explained by organic template or hetero-epitaxy at 
planar organic—inorganic interface. 


8.4 Theories for Shell Growth and Pearl Production 


8.4.1 Jumping Development Theory 


Although shell growth rate is affected by environment factors, a one-to-one rela- 
tionship between a given factor and a given rate has not been established. This is 
partly due to that the mechanism of the formation of annual growth lines is poorly 
understood. Based on our analysis of a unique growth band discovered in the shell 
margin of P. fucata, we proposed a concept of “jumping development” in bivalve 
shells to explain the formation of annual growth lines [35]. During jumping devel- 
opment, the center of growth in the bivalve shell jumps forward over a short time 
interval when the position of the mantle changes. Jumping development explains the 
unusual structure of the anomalous shell and the development of annual growth lines 
in typical shells. Annual growth lines are the result of a discontinuity in the shell 
microstructure induced by jumping development. 

The surface of the growing prism was formed and exhibited a concentric pattern, 
which is distinctly different from the flat surface of a mature prism (Fig. 8.18a). The 
unique margin contained two organic layers separated by aragonite crystals. The first 
organic layer covered the aragonites. The organic layer between the exposed growth 
band and the mature prismatic layer (Fig. 8.18a) constituted the inner surface of the 
shell. The transition between the organic layer and mature prismatic layer was visible 
8 mm from the shell margin (Fig. 8.18b) illustrating the formation of the organic 
layer. The organic envelope surrounding the prism is formed by the addition of an 
organic matrix to its surface (Fig. 8.18c). The organic matrix is continuously added 
and grows toward the center of the surface of the prisms (Fig. 8.18d) until the surface 
is completely covered by the organic matrix. The trail of the raised organic envelope 
is ultimately invisible (Fig. 8.18e). 

The most unusual pattern of the margin in the anomalous shell 1s that the nacreous 
layer occurs in the shell margin. Furthermore, the pattern of growth of the nacre in 
the growth band was unusual (Fig. 8.19a). The growth did not resemble simple 
ladder-like growth (Fig. 8.19b), the typical pattern of a generic nacreous layer, and 
some layers appeared to shrink regularly. We named this unique pattern “complex 
ladder-like growth.” When the height of the two kinds of nacreous layer is equal 
(hl = h2), the breadth of the growth surface is far narrower than that seen in simple 
ladder-like growth (b1 < b2, Fig. 8.19a, b). Complex ladder-like growth resulted in a 
more stable and harder nacreous layer. We proposed that it can also lead to a step- 
growth pattern of the nacre at the inner surface of the shell (Fig. 8.19c). 
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Fig. 8.18 SEM images of the formation of the organic layer covering the nacreous layer in the 
unique growing shell margin, the organic layer covering the newly formed nacreous layer. (a) The 
mature prismatic layer about 8 mm from the special growing shell margin. (b-d) The transition of 
the mature prismatic layer and the organic layer covering the nacreous layer. (e) The organic layer 
covering the nacreous layer. Scale bar, 20 um in a-c; scale bar, 100 um in d; scale bar, 10 um in e. 
The direction of growth is from the left to the right 


8.4.2 Nacre—Prism Transition Layer Theory 


The nacre—prism transition layer is important because it provides an initial nucleat- 
ing surface for aragonite and it alters the mode of shell growth. There are great 
differences in mineralogy, microstructure, and organic matrix between the prisms 
and the nacre. For example, the major matrix proteins found in the prismatic layer 
have lower pI than those found only in the nacreous layer [36, 37]. Thus, a series of 
changes must occur on the surfaces and within the prismatic layer as the nacre—prism 
transition occurs. However, little is known concerning these changes, and the 
mechanism by which these two different layers become closely joined remains 
known. 

We investigated this process by observing the changes that occur in the organic 
matrix during the formation of the nacre—prism transition layer in the shells of 
P. fucata [38]. Three variants of the sequence of formation of the nacre—prism 
transition layer were observed. In each case, the layer was formed by the organic 
matrix secreted by the mantle, together with the interprismatic organic envelope. The 
continuity of the organic phase throughout the shell was maintained as the new 
nacreous layer was formed on the nacre—prism transition layer. Changes in the 
interprismatic organic envelopes on either side of the nacre—prism transition zone 
indicated that the organic matrix of the nacre—prism transition layer becomes 
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Fig. 8.19 Models of A r—b,- 
growth in the nacreous layer 
of the growth band in the 
anomalous shell and typical 
shells. (a) The complex 
ladder-like growth of the 
nacreous layer in the unique 
band of the anomalous shell. 
(b) The simple ladder-like 
growth of the nacreous layer 
in a typical shell. (c) The 
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layer in the unique band of 
the anomalous shell 
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embedded into the organic phase of the prismatic layer. It is concluded that pene- 
tration and erosion of the prisms by the organic matrix generate a strong bond 
between the prismatic and nacreous layers. 


8.4.2.1 Three Variants of the Nacre—Prism Transition Sequence 


The nacre—prism transition layer is an organic layer that covers the internal surface of 
the prismatic layer (Fig. 8.20a). The transition layer provides a surface for aragonite 
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Fig. 8.20 The first type of nacre—prism transition layer formation. (a) An organic layer 
representing the nacre—prism transition layer forms on the prismatic layer; (b) the diameter of the 
visible surface of the prisms decreases before the formation of the nacre—prism transition; (c) the 
addition of the organic matrix to the interprismatic organic envelope of the prismatic layer near to 
the transition zone. The shell was slightly decalcified in 5% EDTA for 10 min. The white arrows 
indicated the growth direction of the shell 


growth. We identified three different configurations of the nacre—prism transition 
zones: [1] Increased thickness of the organic matrix forming the interprismatic 
organic envelopes. This form of the nacre—prism transition layer has been reported 
in previous studies [39] and was observed here in slightly decalcified shells. The 
surfaces of the prisms adjacent to the nacre—prism transition zone were not 
completely visible, and regions close to the interprismatic organic envelope were 
covered by organic matrix (Fig. 8.20b). Because the mantle secreted organic matrix 
onto the internal shell surfaces during the process, the surface of the interprismatic 
organic envelope was elevated (Fig. 8.20c). Organic matrix was continuously added 
and appeared to converge toward the center of the prisms (Fig. 8.20b) until the 
surface was entirely covered by the organic matrix. Thus, the nacre—prism transition 
layer was formed at the end of this process [2]. Transformation of the prismatic layer 
into the nacre—prism transition layer. This second type of transition layer formation 
was observed in untreated shells. In surface view, the shape of the prisms located 
outside the nacre—prism transition zone appeared to change (Fig. 8.21a, 8.21b). 
Extending further into the transition zone, the visible surface area of the prisms 
was reduced or completely disappeared; i.e., they were visible when still partially 
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Fig. 8.21 The second type of nacre—prism transition layer formation. (a) and (b) The transformed 
prisms before the formation of the nacre—prism transition. (c) Enlargement of the area indicated in 
(b); dissolution of the interprismatic organic envelope as the nacre—prism transition layer forms. 
The growth direction of the shell is from the left to the right 


invested by the organic matrix but became invisible as they were covered by the 
matrix. The interprismatic organic envelope surrounding each prism seemed to be 
incorporated into the organic matrix (Fig. 8.21c). Before this stage, the thickness of 
the interprismatic organic envelopes remained unchanged although their shape was 
distorted. Thus, it seemed that new organic matrix was secreted into the inner surface 
of the prismatic layer [3]. Decreased organic matrix in the interprismatic organic 
envelopes in the formation of the nacre—prism transition layer. This variation of 
transition layer formation was observed in slightly decalcified shells. On the inner 
surface close to the nacre—prism transition zone, the thickness of the organic 
envelope of prisms decreased (Fig. 8.22a). The double-layered interprismatic 
organic envelopes were elevated above the surface in areas distant from the transi- 
tion zone (Fig. 8.22b, c), while in areas near to the transition zone, the surface was 
rather smooth (Fig. 8.22d). This latter phenomenon reflected a decrease in the 
thickness of the organic matrix of the interprismatic organic envelopes and the 
retreat of surface of the interprismatic organic envelopes below the inner surface 
of the shell (Fig. 8.22d). In areas close to the nacre—prism transition zone, the prisms 
seemed to grow over both layers of organic matrix of the interprismatic envelopes, 
leaving only the central regions exposed (Fig. 8.22e). In these parts, the prisms were 
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Fig. 8.22 The third type of nacre—prism transition layer formation. (a) The prismatic layer in the 
transition zone. The shell was slightly decalcified in 5% EDTA for 10 min. (b) The prismatic layer 
is distant from the Fig. (a). (c) The interprismatic organic envelopes of the prisms far from the 
transition. (d) The prismatic layer near the transition zone. (e) The interprismatic organic envelopes 
of the prisms near the transition zone. (f) The disappearance of the interprismatic organic envelopes 
on the surface of the organic matrix composing the transition layer. The growth direction of the shell 
is from the right to the left 


not different in shape, but, adjacent to the transition zone, the visible surface area of 
the prisms decreased suddenly, and the space between neighboring prisms was filled 
with organic matrix (Fig. 8.22f). This newly organic matrix is below the inner 
surface of the shell. 

During the formation of the nacre—prism transition layer in the shells of P. fucata, 
some of the newly secreted organic macromolecules cover the surface of the prisms 
to form the nacre—prism transition layer, and some are embedded into the 
interprismatic organic envelopes to provide an adhesive. The prismatic and nacreous 
layers are closely bonded together by this interaction. 
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Fig. 8.23 SEM images of the deposition on the nucleus at different stages of the pearl develop- 
ment. Smaller photos showed the typical nuclei in different developmental periods. Scale bars, 
20 um 


8.4.3 The Role of Matrix Proteins in the Control of Nacreous 
Layer Deposition During Pearl Formation 


To study the function of matrix proteins in nacreous layer biomineralization in vivo, 
the deposition on pearl nucleus and the expression of matrix protein genes in the 
pearl sac during the early stage of pearl formation were studied [40]. 

On the fifth day after implantation, the mantle and the gonad formed the com- 
pleted pearl sac. Over the course of pearl maturation, it is revealed that the early 
nucleus had a bare surface which was gradually enveloped by the mature nacreous 
layer (Fig. 8.23). In the early stages, the CaCO, deposition was irregular, but it 
became smooth on the 20th day (Fig. 8.23). At this point, the deposition pattern 
started to change. On the 25th day, large crystals with shapes similar to the aragonite 
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Fig. 8.24 The Raman spectra of the deposition of calcium carbonate at different stages of pearl 
development. (a) The baseline changed suddenly on the fifth day after implantation and decreased at 
the 10th and 15th days. (b) The baseline continuously increased after the 15th day 


formed on the nacre—prism transition in bivalve shells were observed [39]. On the 
30th day, divided nucleation occurred on these large crystals as they grew larger and 
formed aggregates. A new layer covered these large crystals. On the 35th day, the 
nacreous layer formed around the nucleus (Fig. 8.23). On the fifth day, the surface of 
the nucleus was smoother than that at implantation (Fig. 8.23), but it became rougher 
by day 10 owing to the deposition of aragonite crystals. By day 20, the surface was 
smooth again. From days 25 to 30, the surface was covered with yellow deposits 
(Fig. 8.23), and by day 35 these deposits were covered by the nacreous layer. On day 
35, photographs showed a smoother surface and a mature pearl luster. Raman 
analysis confirmed the aragonitic nature of the crystals over the seven time periods 
(Fig. 8.24), with the exception on day 30 (Fig. 8.24b). On day 30, Raman spectra 
showed no aragonitic or calcitic peaks. We speculated that the deposition onto the 
nuclear surface at day 30 was ACC. The baseline of Raman spectrum on day 5 was 
higher than that on day 0. From days 5 to 15, the baseline of the Raman spectra 
decreased (Fig. 8.24a). However, from days 15 to 35, the baseline of Raman spectra 
increased continually (Fig. 8.24b) [40]. 

Significant expression of matrix proteins was detected by the 30th day after 
implantation (Figs. 8.25 and 8.26). During the earlier stages, the expression levels 
of N19, N16, and nacrein were very low, but they increased to a maximum by the 
30th day, and the value remained high until the end of the experiment (1.e., the 35th 
day; Fig. 8.25a—c). The expression of MSI7 also increased during development and 
was highest on day 30, but it decreased by day 35 (Fig. 8.26a). Similarly, expression 
of ACCBP was the highest at day 30 and decreased dramatically by day 
35 (Fig. 8.26b). In summary, we found that the process of pearl formation involves 
two consecutive stages: [1] irregular CaCO3 deposition on the bare nucleus and [2] 
CaCO; deposition that becomes more and more regular until the mature nacreous 
layer was formed on the nucleus. The low expression level of matrix proteins in the 
pearl sac during the periods of irregular CaCO, deposition suggested that the 
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Fig. 8.25 The relative expression level of matrix proteins in the pearl sac at different stages of pearl 
development. (a) The relative expression level of nacrein. The highest expression level appeared on 
the 35th day after implantation. (b) The relative expression level of N19. (c) The relative expression 
level of N16. The highest expression level of N19 and N16 both appeared on the 30th day after 
implantation. Values in the same figure with a different superscript are significantly different 


(p < 0.01) 


deposition may not be controlled by the organic matrix during this stage of the 
process. However, significant expression of matrix proteins in the pearl sac was 
found by days 30-35 after implantation. On day 30, a thin layer of CaCO}, which we 
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Fig. 8.26 The relative expression level of matrix proteins in the pearl sac at different stages of pearl 
development. (a) The relative expression level of MSI7. The highest expression level appeared on 
the 35th day after implantation. (b) The relative expression level of ACCBP. The highest expression 
level appeared on the 30th day after implantation. Values in the same figure with a different 
superscript are significantly different (p < 0.01) 


believed was ACC, covered large aragonites. By day 35, the nacreous layer formed. 
The whole process is similar to that observed in shells, and the temporal expression 
of matrix protein genes indicated that their activities were important for the pearl 
development. Therefore, matrix proteins controlled the crystal phase, shape, size, 
nucleation, and aggregation of CaCO; crystals [40]. 
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Supplementary Table 8.1 


Chapter Primer sequence 
nacrein-F GAGCCAGAGGATGGGGAAA 
nacrein-R GCCTCCATAGGTGTGAAACGA 
N19-F CCAGATTTCAACTCGATCTAAGGA 
N19-R CGCCATACCCATCAAAAGTG 
N16-F TGCGGACGTTACTCATACTGCT 
N16-R CCACATCTAAGCCACTCATACCTCT 
TGCTGCCATCACGTGAGTATG 
Pif80-R GACTTCCCTTTCTCACACTTCCA 
MSI60-F AGGTGGACGAAGAGGTAGAGGTAG 
MSI60-R AGCGGCAGCGGCAACATC 
MSI7-F GATCGTCTTAATTGCCTCTGTTTCT 
MSI7-R CTCCAAGCCCGATAACACCT 
ACCBP-F GACATGGAACAAAGATGGTGGA 
ACCBP-R CTGTGGCTGGAATGGTTGG 
actin-F CTCCTCACTGAAGCCCCCCTCA 
actin-R ATGGCTGGAATAGGGATTCTGG 
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